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IBCTH VISUALLY .ND PHCTG7UHICALLY UNDETECTABLE.

(U) A GENERA.L D:ISC-SScION OF LOREORS SIGNAL P?.CCEESSING IS PRESENTED,
.:=JDIG '"NSHARP MASKING" TO ENHANCE HIGH SPATIAL FRE2-UENcY A.C. SIcGNAL

* CO~-MPONETS TSSHRES THE SCZNE DETAIL BY Z:4PHASI!ZING SIGNALEVEL

OAG ES . 'UNSHAzRP MASKING", xR LO-SPTALFE1EcZF ERING, ALSO
ETNSUSABLE SIGNAL DYNA'MIC RANGE BY REMOVING A D.C. BIAS IN THE HIGHlYa

ILL:21INATED IMAGERY WHICH CAUSES HIGH AMPLITUDE SIGNALS TO SATURATE SCONER
TizNTHE LO-W AMPLITUDCE LEVELS. THIS ENABLES -- T 'CER AMPLiFICATION OF IN

-':='E CETAIL ACROSS TEE DYNNMIC RANGE EXTREMES.

,:) ; SUMARY OF LCIREOP S TECHNOLOGY, FOCLLOWED) BY A CHRONOLCGY OF
ZROSPROGRAM EVO:LUT:ION * CULMINATING IN SYSTEM DEVNELOPM'-ENT, FABRICATION,

.%NZ FLIGH3T TESTING IS PRESENTED.

(U} THE FNLSECTION OF THIS REPORT DELINEATES THE MAIOR SYSTEM
AND SUBSYSTEM COMPONE-NTS COMPRISING THE LOREOPS UNIT AND DESCRIBES THEIR

I-J

91

UJ'CLASS =lIil..

1 UR YCL S IFC TO OF' 'mi /iG (v~ oo ,*rd

- -



UNCLASSIFIED

Y" TABLE OF CONTENTS

SECT"ION TITLE PAGE NO.

1.0 INTRODUCTION, 1

2.0 TECHNICAL 6
2.1 STATEMENT OF THE PROBLEM 6
2.1.1 Atmospheric Effects 7

2.1.2 LOREORS Signal Processing 7
2.2 LOREORS PROGRAM EVOLUTION 10

2.2.1 Proposed Concept 10

2.2.2 Program Initiation 12
2.2.3 Critical Design Review 13

2.2.4 LOREORS Development 14
2.2.4.1 Sensor Design 14

2.2.4.2 Fabrication 17
2.2.4.3 System Tests 17

2.2.4.4 System Delivery 20

2.3 FLIGHT TEST PROGRAM 21

* 3.0 THE LOREORS SYSTEM 24

3.1 SUBSYSTEM CCMPONENT DESCRIPTION 24

3.1.1 Imaging Sensor Unit 24

3.1.2 Servo Box Unit 26

3.1.3 Two Bay Processor Console 26

3.1.4 Dual Bay Computer Console 28

3.1.5 Support Equipment 31 7

3.2 FUNCTIONAL DESCRIPTION 31

3.2.1 Optical System 36

3.2.2 Stabilization and Control Subsstems 37

3.2.2.1 Stabilization 37

3 .2 2.2 Control Sianals 39

3.2.3 Environmental Control System 41

2.4 Autofocus System 42
3.2.5 Sensina Head and Videc Processcr 48

UNCLASSIFIEDS. .( .. "* *



UNCLASSIFIED
TABLE OF CONTENTS

-continued-

SECTION TITLE PAGE NO.

3.2.5.1 Airborne Video Subsystem 49

3.2.5.2 Focal Plane Electronics 49 - -

3.2.5.3 Processor Electronics 51

3.2.5.3.1 Analog Section of Processor 51

3.2.5.3.2 Matched Filter Card 51

3.2.5.3.3 Signature Correction Card 53

3.2.5.3.4 Signature Correction Max-Min Card 54

3.2.5.3.5 Max-Min Detection Cards 54

3.2.5.4 Digital Image Processing 55

3.2.5.4.1 Image Enhancement 55

3.2.5.4.2 8 Line Memory - Unsharp Data 57

3.2.5.4.3 8 Line Memory - Center Data 57

3.2.5.4.4 Vertical Averaging Circuit 57

3.2.5.4.5 Horizontal Averaging Circuit 58

3.2.5.4.6 Center Data Minus Unsharp Circuit 58

3 2.3.4.7 8 to 6 Bit Converter 61

3 2.6 Computer Subsystem 61

3 2.6.1 Memory Assignment 65

3.2.6.2 Command Program 6

3.2.6.3 Sensor Computer Control 67

3.2.7 Ground Station Image Reconstruction 68

4.0 SUMMARY OF TASKS AND RESULTS 70

4.1 INTRODUCTI ON 70

4.2 TASKS INCLUDED 70

4.3 TEST RESULTS SUMMARY 72

4.4 CONCLUSIONS 77

APPENDICES

Technical Reprints 79
- A Large TDI Focal Plane Assembly 8i
with an COti cally ccnticucus ie_ -
Format

-Lcw Contrast Imaging

- The TDI !mace Sensor for the LOREORS l01
C ame r a

UNCLA-SSIFIEDS: i ,i -_ - - -- -- - -- --- . - -* -_,- --* -i~ .. . - -'~i .. I '



UNCLASSIFIED
TABLE OF CONTENTS

-continued-

SECTION TITLE PAGE NO.

APPENDICES (continued)

B Aircraft Window Thermal Shock 105

C
- Cl Flight Test Imagery 109

- C2 LOREORS Flight Imagery from 114 .'-

Flight 3

- C3 LOREORS Flight Imagery from 118
Flight 11

- C4 LOREORS Flight Test Imagery 123
from Flights 20, 21 and 22

D Glossary 127

UNCLASSIFIED

- . -. - - - s - - .. . ~a ... t.- .a



UNCLASSIFIED

LIST OF ILLUSTRATIONS

FOLLOWING
FIGURE NO. TITLE PAGE NO.

2.1-1 The Effect of Atmosphere in Contrast 8
Reduction

2.1-2 LOREORS Signal Processing 9

3.1-1 Sensor 25

3.1-2 Floor Mounted Servo Box 27

3.1-3 Air Conditioner 29 -
"

3.1-4 Processor 30

3.1-5 Computer 32

3.1-6 CRT Terminal 33

3.1-7 Air Compressor 34

3.1-8 Ground Station Data Processor 35

3.2.2-1 LOREORS System 38

3.2.2-2 Servo Pointing 40

3.2.4-1 Auto Focus 44

3.2.4-2 Relationship Between Focus and Instant- 46
aneous Maxima

3.2.4-3 Relationship Between Response and De- 47
focus For a Fixed Grating Pitch

3.2.5-1 Airborne Video Subsystem 50

3.2.5-2 Processor Electronics 52

3.2.5-3 Image Enhancement Analog Wavefcrms 56

3.2.5-4 VAV Data From 8 Line Memory 59

3.2.5-5 Unsharp Data 60

3.2.6-1 LOREORS System Block Diagram 63

4-1 Photo Set 75

4-2 Photo Set 76

UNCLASSIFIED
.< ._ . ., .. . . .. ... .-7.-



UNCLASSIFIED

LIST OF TABLES

TABLE NO. TITLE PAGE NO. -

3.2.5-6 8 TO 6 BIT COMPRESSION 62

3.2.6-2 COMMAND INTERLOCKS 64

UN.

UNCLASSIFIED



UNCLASSIFIED

(U) 1.0 INTRODUCTION

(U) Fairchild Imaging Systems, Division of Fairchild Weston Systems

Inc., has completed contract F33615-76-C-1282 for the

Avionics Laboratory. The primary goal was to demonstrate - -

optical penetration of haze-occluded low contrast scenery with

an imaging system configured about an array of Time Delay

and Integraticn (TDI) - Charge Coupled Devices (CCD).

(U) With an electro-optical imager, it is possible to electronically

subtract the background due to haze from each picture element

(PIXEL) and amplify the remaining pixel-to-pixel differences

to enhance the reproduced scene. In principle, such processing

can be carried to contrast levels which would be both invisible

to the eye and unrecordable by conventional photography.

(U) For this to be practical, a large image signal-to-noise ratio

is reauired. One way to collect the large signal needed is

through the use of a TDI imager. Such a TDI CCD detector with

a selectable number of integrations was developed and furnished

to the orogram.

UNCLASSIFIED
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(C) This chip consisted of rows of 20 micrometer photo elements;

1024 pixels wide arranged in columns 64 pixels high. The

number of TDI integrations (1, 4, 8, 16, 32 or 64) could be

selected. The saturation charge was in excess of 1.0 x 106
electrons per pixel in this four-phase buried channel device.

(C) An optically-butted focal plane was made using 6 of these chips

mounted on a beam-sharer having alternate full-reflective and fully-

transparent segments. The focal plane was joined with a 3.66m

(144") focaL length f/12 refractive telephoto lens which provided

essentially diffraction-limited performance throughout the silicon

spectrum over a 60 field of view.

(U) The sensor was of the sector-scan panoramic type, designed to be mounted.*

with its axis parallel to the in-track (flight) direction.

Cross-track scan coverage was obtained by rotating a 450 folding

mirror, directed (nominally) at right angles to the line of

flight, about the in-track axis. Forward Motion Compensation

(FMC) and image stabilization were obtained through computer-

controlled scan mirror pointing corrections and focal plane

rotations. Line-of-sight, pointing and scan control inter-

active commands were generated in the computer using inputs from

the airborne inertial navigational system. Pointing and scan

rates of up to 1/second were generated by the computer based

upon manually input target latitude and longitude values and

aircraft inertial navigation system data.

CONFIDENTIAL
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7) An Environmental Control Subsystem was comprised of Isolation

Mounts to filter out shock and vibration, a Temperature Control

of the sensor and a Thermoelectric Cooler to further cool

the CCD focal plane. The Temperature Control subsystem provided

both heating and cooling to maintain the total sensor temperature

within 10.

) A real-time autocollimator type of Auto-focus subsystem measured

and automatically set the "infinity focus" of the objective,

thus providing optimum focus throughout a broad range of temp-

eratures and pressures. Range focus differentials were controlled

by the computer using data from the target deck and aircraft
systems.

The Airborne Video Subsystem consisted of the CCD focal plane,

exposure sensing diodes and IMC circuitry. Eight CCD chips were

used in the focal plane; 6 devices to convert the optical image

zo an analog video signal and 2 devices to detect IMC errors and

suzov_ an error signal to the computer. This focal plane could

he exzanded to contain 18 or more CCD chips.

.rra., drivers and locic (controlled by an end-of-line sync signal),

a 1.43 clock and an "integration duration" signal from the Video

Processor, supplied timing and control signals to process the
naze signal through the CCD detectors and develop the serial

v,ino :uuz signal transnitted to the Processor Console.

ifaeen expcsure-control diodes placed within the "frame" 2
.... z: view develcn an automatic exposure signal transmitted

........ ....uer to set he nuzer of TDL integrations recuired.

UNCLASSIFIED
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small inaccurate triaonometric functions. Pointing and

stabilization were found to be affected by the relatively

infrequent Latitude and Longitude updating every(500/m-sec)

while computation is oerformed every 20 7i-sec. The un-

certainties in the aircraft altitude and accuracy of the

line of site (due to atmospheric refraction) were also in-

vestiaated and found to be potential sources of excessive error.

2.2.4.2 Fabrication

At the completion of the sensor design around midyear of 1978

the fabrication effort was in full progress. Except for the

optical component Melt Recomputation the fabrication effort was

:airlv routine. As the assembly and electrical fabrication pro-

gressed through the second half of '78, subassembly testing was

conducted. Quarterlv Program review meetings were held and the

zaci'.,: items were the optical components; specifically the lens.

2.2.4.3 System Tests

) By the beginning of 1979 the Ground Station equipment was completed

and fully:. tested. System tests on the sensor were started durinc

the :irst quarter of 1979. With the system installed on the

?hoto Octical Terrain Simulator a problem was found while trying

:o -e~sure resolution.

-rasolisnand auz=focus tests indicated a discrecanc,-

-1 cne half of one cercent between the actual and desian focus-

:tf-e system. Mechanical tolerance analysis and octical

s, soulJ on'. usti f " cne auarer of .n incn.

UNCLASSIFIED
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it was :cund that a lens barrel "bend", between the

-b:ective and Barlow zrouts, of 35 microradians combined

w4nh as much as a 0.001 inch displacement would not

degrade optical performance. Modeling showed that the total

bending of the barrel statically and o-namically would be less

than 35 microradians.

- Analysis of aircraft window thermal shock caused by rapid descent

from altitude was zerformed. Also methods for maintaining

an isothermal condition across the window interior was

investicated. It was found that maximum stress was developed

near the center of the window. Based on initial results a

safe descent time of one hour was recommended. Increased

a4. flow would reduce this. Further analvsis of the window

th-emal environment are discussed in Appendix B.

Ccmputer simulations, performed to analyze proposed processes and

access their feasibility involved;

- The image processing algorithm, where the enhancement

procedures were simulated. Unsharp averaging, Sharp-minus-

Unsharn generation, data compression and data reconstruction

were programmed on the computer. Several algorithm variations

were tried and the results compared to determine the best

enhancement approach for the system.

- CCD chin calibration processes were prcrammed to simulate

the actual device and comouter interfacinc recuired. - "

- Equations of motion for the scan and FMC angles and the

oca plane rotation were crocrammed. irtesults in-

_icated that the no ntn accuracy and stabiizao would

be limited by the difficulties or wor-in win very

UNCLASSIFIED
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- Array Signature Correction

- Video Amplification

- Unsharp and Sharp-Minus-Unsharp Video

- Analog-to-digital conversion circuitry

- Max-Min Detection with gain and offset normalization

- Array Timing Logic and Driver Circuitry

- Preliminary 1024 x 64 TDI-CCD Signal Processing

- Forward Motion Compensation Signal Processing

- Automatic Exposure Control Circuit.

(U) Additional design studies resulted in the development of altered

design approaches and solutions. Among these were:

- The Focal Plane Cooling design was revised to permit

replacement of thermoelectric coolers without breaking the

hemetic seal of the focal plane compartment. Large surface-

area heat dissipators, located in the external environmental '

air stream, draw the heat from the fixed internal thermo-

electric heaters thus minimizing the focal plane housing heat

rise. Analyses revealed that a second stage of thermoelectric

cooling was required. A two-stage thermoelectric device

was therefore used.

- Forward Motion Compensation signal processing was changed I
from an analog system using Hilbert Transform filtering to

a double correlator one. An all-digital subsystem using TRW

400 nanosecond multipliers was designed to attain the accuracy

and lcnc-term DC stability required.

"n-esti; ation of the Tolerance sensitivity- cf specific lens

eaenen: ccnficurations was made. It was determined that three

-a-is cf elements were most critical. Carefu- assemblin-

and zreatina cf each such dcublet as a "single element" enabled

a ent-nance of the memcr-' tclerances.

US
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- Fabrication of the calibration light source and temperature

control units were delayed so these units could be interfaced

with the new computer.

- The number of operating sensor channels were reduced from

18 to 6. All associated circuitry was comensurately modified.

- The requirement for the Laser Beam Recorder and the Dry Silver

Processor was reinstated.

(U) 2.2.4 LOREORS Development

(U) Following the CDR approval, system design and detailing for the

hardware was initiated. Using computer simulation and breadboard

modeling, proposed design concepts were tested to determine design

parameters and to "test" components in the proposed configurations.

0 During this period a parallel company-sponsored IR&D program

was funded to tailor a Fairchild TDI-CCD chip for LOREORS imaging.

A 1024 x 64 element TDI device was developed for low signal

applications. This image detector was designed with the minimum

cell size capable of producing the high signal-to-noise required;

a 60db goal was set near saturation with a charge packet level of

at least 106 electrons. A four-phase CCD configuration, with

20 x 20 .m photosensitive elements in a parallel register, was

developed. The active length of this chip is 20.48 mm (0.806").

A more complete description is given in the R. Dyck paper included

in Appendix A.

2.2.4.1 Sensor Design

(UL Major subsystem circuits and processes were "tried out" in a pre-

fabri:aticn form in order to minimize final system changes. Some

of the processes and component breadboards were:

4,. § I," ,., L
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(U) Additional changes requested at that time were:

- Changing the image storage Video Tape Recorder Unit (VTR)

from an Analog to a Digital Unit.

- Elimination of the Laser Beam Recorder (LBR) and hence the Dry

Silver Processor requirements although interface provisions

for future use of these items were requested.

- An investigation of the feasibility of using a single frame

storage scan converter with a high resolution CRT Display for

a soft copy output.

- An initial design of a 144" focal length lens to meet the

system resolution requirements in place of a 96" focal length

with a future add-on.

(U) During the first nine months of this program the final definition

of the system was developed. Additionally an "In-House" develop-

ment program was in progress for the LOREORS, TDI-CCD chip at

Fairchild's Palo Alto, R&D Laboratory. . search was also conducted

for critical system components sources.

( 2) 2.2 3 Critical Desian Review

(U) The Critical Design Review was held at Fairchild on September 20

through 23, 1977. Detailing of subassemblies and parts was

started and parts procurement was intitated. Air Force approval

of the CDR was received one month later on October 20th. As

a result of the CDP. the following changes were incorporated in

- An :"S was being incorporated into the system. A F sstem

Was sucolied.

- A s-stem clock was added.

- A Data Logger was added; additional ccmzuter ca:aci--'.v and a

Drinter were added to permit recording c-f ins-:ru.ent aticn data.

- A Hewiett Packard computer replaced a pre:icusiv s - -,cified

/ata General Unit.

UNCLASSIFIED
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1"-) The system was to be designed for either digital telemetry direct

from aircraft to ground station and/or airborne video tape

recording for later playback in the ground station. For this

program, an RCA Adviser Series VTR was proposed.

(U) The ground station consisted of an electronic buffer, laser

beam recorder, dry silver processor and light table installed

in a trailer. Fairchild proposed to modify a GFE'd LBR and

convert the wet film processor to accommodate dry silver film.

(U) 2.2.2 Program Initiation

(U) Contract award was made in January 1977. Although the basic

system concept for LOREORS was accepted as Droposed, some changes

were agreed upon at the kickoff meetings.

(U) FISD personnel presented a description of the sensor geometry

and detailed the stabilization approach proposed. It was indicated

that two areas of concern were the respective loop stabilization

methods and the means for generating stability reference signals.

The concern was over the ability to maintain an adequate lock

on the image throughout a long exposure with a full sixty-four

integrations. It was suggested that the system utilize dynamic

stabilization (i.e.; with computer updating) rather than the

passive type of system proposed.

i.1

-t was also specified that the system test vehicle would be a -,
- - with fliaht tests to be at 40,000 and 10,000 feet. The

C141 has an inertial reference system which could be used for

sensor stabilizaticn; the Delco, Carousel 4E (INS) Iner-ial

",avirational System. This system has a 0.7 nautical-mile/hour,

ical error secification but has been found to actal>. track

tz batter t:-n J.2 nm/hr.

UNCLASSIFIED
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(U) The proposed sensor assembly rotated radially to achieve cross-

track positioning. A scanning mirror moved in the cross-track

direction of flight to generate a "frame" of information. A

linear array of CCD photosensors was positioned along the longi-

tudinal axis of the aircraft. The sensor could be manually

controlled by a commander who would use a low resolution TV

image of the object area for targeting assistance. This display

indicated the high resolution camera's line-of-sight. Pro-

visions were made in the design to implement a computer directed

targeting system in the future. The low resolution TV "view-

finder" camera would utilize a 488 x 380 CCD device permitting

frame storage for contrast enhancement.

(U) The proposed sensor employed autofocus, stabilization, motion

compensation and position and environmental control. The focal

plane consisted of 18 Fairchild CCD#ISD 131-SL die assembled

on a beam-sharer to form a contiguous line. The beam-sharer

was 98% optically efficient. The die (photo-sensor without package)

were standard Fairchild 1 x 1024 elements sensors with selected

Performance. The characteristics to be used in the selection

process were dynamic range, large saturation exposure, low noise

equivalent exposure, low dark current, uniformity of dark current

and hich sensitivity. These die, considered non-standard because

of the selection process, were available only to FISD. The focal

plane was to be assembled in FISD's Hybrid Laboratory.

U* 3cth the TV "viewfinder" and high resolution electro-optica-

.mager were t3 use analog image processing to enhance ccntrast.

Sackground subtraction and non-sharp masking, were to be

employed. Data ccmpression was to be performed to convey all

hi:h and low freaquencv scene information in a 3 bits7-icture

element data stream.

UNCLASSIFIED
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as shown in Figure 2.1-2D. Background subtraction, achieved

by filtering out low frequency variations, removes signal bias in

hiahly illuminated imagery which might otherwise cause high amplitude

Signals to saturate. Amplifying the high frequency signal enhances

the imagery by emphasizing signal level changes (see Figure 2.1-2E).

(U) After amplification a modified background level, less than the

original level, is added to the video signal (see Figure 2.1-2F)

The resultant reconstructed image has compressed the original

ccntrast range allowing reproduction of the detail in the range

extremes. However, more important is the ability to image an

atmospherically contrast-attenuated scene, invisible to the eve,

with useable detail.

;W, 2.2 LOREORS PROGRAM EVOLUTION

(U) The conceptual configuration for the LOREORS sensor was originally

presented in Fairchild Imaging Systems Division's (FISD) response

to a 1976 request for proposal. Fairchild proposed a Long Range

Electro-Optical Reconnaissance System (Proposal No. ED-CX-409;

dated 26 July 1976) advanced prototype sensor, to provide real-time

high resolution imagery of low contract targets, to around

4 based observers.

. Proposed Conceopt

S U, The electro-optical sensor was a sector scan panoramic with

* long focal length lens (96-inch, f/3.0) . This was changed to
44" f,'12 before award. The lens was ccmnrised of 6 elements -- t

o asreric suraces. T.his lens nesi=, corrected for use in the

...... n spectrum, took full adva 2ntaae of .n ohotodetector resoonse.
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(U) 2.1.1 Atmospheric Effects

(U) Atmospheric effects on long range oblique imagery are illustrated

by the example shown in Figure 2.1-1. In the upper right corner

is an oblique scene imaged on a relatively clear day. The same

scene, below, imaged through heavy haze appears invisible to the

eye. Representative sensor responses typical of both scenes

are shown in Figure 2.1-1 A&B.

(U) The response to the original scene, on a rare clear day, is more

extensive than the range of the~half-tone print; with sunlit areas

extending into the saturation region and cloud shadowed areas

extending to the background level. Contrast reduction due to

scattering and attenuation through a long slant path reduces both

the sunlit and cloud shadowed signal amplitudes proportionally.

(U) LOREORS' imaging and processing provides a method of amplifying

* the attenuated signal to reproduce the original scene detail.

Direct amplification of the video image shown in "B" is not

possible because of signal offset which must be eliminated prior

to signal amplification.

(U) 2.1.2 LOREORS Signal Processing

(U) The signal offset is primarily background which saturates the image.

This background level is removed by subtracting it from the

video signal and restoring the video zero level of the varying

signal to the electrical D.C. minimum, as shown in Figure 2.1-2C.

Additional signal enhancement is achieved by removing the low

C4

frequency background signal variations prior to signal amplificatin

UNCLASSIFIED
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(U) 2.0 TECHNICAL

(U) 2.1 STATEMENT OF THE PROBLEM

(U) Long range oblique imaging at medium to high altitudes is limited

by classical photographic aerial reconnaissance problems. High-

oblique-angle imaging generally occurs through an atmosphere

where the object scene is obscured by large amounts of haze and

luminance scatter. Furthermore, when the reflectance from the

image is low and long exposures are required, the collection

system must compensate for image motion, platform vibration

and vehicle and sensor environmental instability. The LOPEORS

solution needed to penetrate the aerosol while compensating

for these classical environmental and platform-induced image

degradations.

(U) Electro-optical devices developed by Fairchild Semiconductor provide

the ability to overcome haze and scatter. These devices, CCD-TDI

photodetectors, can gather a large signal with a sufficient signal-

to-noise (S/N) ratio to allow average background subtraction from

the total signal. With its sensor system designed around these

TDI devices, LOREORS will image long-range targets in which the

contrast level is well below the detectable limit of conventional

photographic systems.

(U) Resolution and contrast rendition are the major requisites for

target detectability and object recognition in the resultant image.

Therefore, the long range sensing problem is resolved into;

imaging low-contrast'targets with high resolution while operating

in a compensated environment, processing the converted signal ."

with an adequate bandwidth and reconstituting the image for viewing.

6
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* (U) The Ground Station consisted of a 21 Cha.uhel High-Speed Ampex

HPR3000 Tape Player, a Data Processor and a dry-silver Laser

. Beam recorder (LBR). Airborne recorder tapes containing

- imagery data, control information and data annotation were re-

played through the Tape Player. Nineteen channels were used

to recapture imagery and 2 channels were devoted to control data.

(U) Adding Sharp data to updated Unsharp data in the Ground Data

Processor recreated enhanced image data. Recomposed annotated

data were then fed to a Laser Beam Recorder which reproduced

images on dry-processed silver film.

* 'WFinal enhanced images showed good detail in scenes with original
contrast ranges of less than 1.005:1. Thus the ability of the

system to provide intelligence imagery from scenes having apparent

contrast well below the useful threshold of conventional photo-

graphy was successfully demonstrated.
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(U) The Video Processor Electronics contained both analog and

digital video signal sections. Eight identical channels of

analog electronics filtered, amplified and conditioned the

video from each of the 8 (imaging plus IMC) CCD detectors.

Because pixel-to-pixel nonuniformities could cause variations in

output greater than the "information" fluctuations, it was nec-

essary to calibrate and electronically compensate them on an

individual pixel basis.' Background subtraction was performed to

remove the D.C. "haze" level present in each image pixel.

(U) In the digital section the video signal was enhanced. A running

average was maintained of the "pixel of interest" minus the

average of the 8 surrounding pixels. This "non-sharp-masking"

technique allowed high-frequency variations (edges) to be auto-

matically enhanced. The 8 pixel average data were also recorded

in a compressed form tor use in subsequent ground station image 4

processing. Thus low spatial frequency data with large amplitude

excursions were separated from the high spatial frequency, low

amplitude detail data and labeled "Unsharp Data". The high

frequency signal was labeled "Sharp Data". The data were then 4

transmitted to the digital tape recorder for storage.

(U) The Computer subsystem was controlled by a Hewlett Packard HP1000

Computer assisted by a HP7900 disc drive, a HP2645 CRT monitor

and input terminal and a HP2631 line printer. This Computer was

the primary system controller. it contained the mission plan,

power application sequence, tests and calibrations of the CCD

chips, equipment tests, air pressure profiles, target selection,

autofocus correction, generation of servo position commands,

display system operation ccntrols, logging data commands and

commands for maintaining the system interlocks.

U4
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(U) The system was disassembled and fecal ooint tests were made with

and without the field flattener and simulated prism assembly.

In addition, the mechanical subasTemblies were remeasured to

confirm that machining and/or assembly errors were not source of

the problem. It was determined that the shift was caused by a

0.22 inch error in the position of the focal plane and a 0.5 inch

deviation in focus caused by the radius and index variations in

the optical design.

U) A design study was initiated to find the most cost-effective
effective solution. It was determined to shorten the aft section

of the lens barrel. This necessitated:

a) Disassembly of the system down to the lens barrel assembly.

b) Cutting off the aft lens barrel and machining a pilot surface

for an insert flange.
4

c) Machining an insert flange.

d) Installing the insert flange on its aft barrel and final

machining.

e) Reworking the isolation mounting pads.

f) Cutting a section out of the center of the thermal shroud -

and rewelding the two halves.

g) Reassembling the entire system.

Wwnhe remaining system tests encountered the "normal" run of debug

tasks such as:

- Preliminary low contrast imaging test were made. Performance

was limited to 1.05:1 contrast targets by noise levels in the

imagery inconsistant with the measured system noise levels.

S1
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Investigations showed that considerable spatial noise
was being inserted by the test collimator.

The collimator light source was removed and the noise

contribution of the collimator source corrected. --A

Investigations made to improve the CCD calibration accuracy

led to two changes. First, the timing between the selection

of level of integration and the collection of video calibration

data was found to be marginal and was increased. Second,

the number of video samples collected for calibration was

increased from 32 to 128 to minimize the effect of noise.

- Investigations of the calibration accuracy further uncovered

a procedural problem with the dark signature correction

alignment procedure. The dark signature of a small number of

pixels on each CCD is lower than the signature of the masked

reference pixels. Biasing the lowest of these dark pixels

to ground (rather than to the masked reference pixels) led

to gain offset variations as integration levels we-e changed.

The alignment procedure was corrected to elminate these

variations.

Two A/D converters were found to be defective. Newly publi~hed

application notes from the manufacturer prescribed limitations

on the soldering time and temperature during printed circuit

board installation of these devices. Since these limitations

are more stringent than Fairchild standards for normal pc

board installation and, in addition, were considerably more

restrictive than installation standards normally associated

6 19
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with this class of device, it was suspected that the rash

of A/D failures were the result of the newly - published

fabrication restrictions being exceeded during assembly.

- During system test, the light signature correction was found

to be accurate to only one percent instead of the design goal

of cne-tenth of one percent. Investigation of the signature

correction subsystem uncovered an error in the signature

correction algorithm. The error was corrected and the light

signature correction error was reduced to approximately

three-tenths of one percent.

- A fifteen degree skew in the system imagery was traced to

misalignment of the sensing head and scan head and unbalance

of the sensing head due to removal of the sensing head stops.

The stops were replaced, and the sensing head was rebalanced.

- LBR hard copy of low contrast imagery exhibited streaking

along the scan direction. Investigation showed this was due

to errors generated in the unsharp mask. The problem was
tracked to erroneous data transfer from card to card by the

low power schotky logic. Reduction of loading on data lines

and the addition of buffers on the clock lines eliminated

the problem.

(U) 2.2.4.4 System Delivery

(U) S-stem tests were completed during December of 1979 when the

Airbcrne system was shipped to WPAF for installaticn into the

a:rcraft and the start of flight tests.

202
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(U) The Ground System was held until early February to incorporate

some final changes and to allow some additional image testing

and evaluation.

(U) 2.3 FLIGHT TEST PROGRAM

(U) The flight test program was conducted as scheduled during the

second quarter of 1980. With the assistance of Air Force

personnel the system was preflight tested and mounted in the

C141 aircraft for operational tests. The initial problems

encountered were related to the targeting of the system.

Imaging data were obtained from the first mission. Because

of the complexity of this system (and with the advantage of 4

hindsight) it is believed that a pre-test flight checkout program

wou,.d have improved the overall results of the flight test

program.

(U) The final results of the LOREORS tests, obtained as a result of

the evaluation of imagery, demonstrate that the system succeeded

in its purpose. High-resolution imagery possessing sufficient

detail for the detection and recognizability of selected targets

at long ranges was obtained under conditions of extreme haze.

Enlargements of target areas show that the resolution and enhanced

gray scale provide the image acuity required for tactical target

detection and object interpretation. Examples of the photography

and the contrast rendition are shown in Appendix C. Typically,

a roadside household mail receptacle can be recognized and easily"

identified from an enlarged reproduction imaged at an altitude

of 31,000 feet, at a slant angle of 60 degrees penetrating haze

levels from a range of ten nautical miles.

*, UNCLASSIFIED
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(U) As suggested above, these results were not obtained without

some initial difficulties. The original flight plan, with

missions all over the United States, had to be scrapped because

of the operational problems encountered.

(U) Equipment failures and flight condition inadequacies became

apparent during the first flights. As a result, a substitute,

less-extensive local mission flight plan, was instituted

to provide the opportunity to correct the equipment problems.

Imagery was obtained from almost every flight.

(U) The flight test program consisted of twenty-three missions. ....

Imagery obtained from the first flight on March 19, 1980 was

recorded with a loss of forward motion compensation and a

frozen scan air bearing. Even so, a sufficient quantity of

image signal was recorded to provide a reproducible image from

iow contrast targets.

(U) During the next few flights the mission was primarily concerned

with the task of correcting sensor problems. The system pointing

and stabilization was affected by the accuracy and instability

of data from the inertial navigation system. Problems were also

encountered with the autofocus and exposure systems. About half

way through the flight test program most of the symptoms had been U

identified and corrections applied. Since the majority of the

oroblems were related to the peripheral electromechanical sensor

suoncrt equipment, imagery with various levels of quality was 2

obtained. As equipment fixes and compensations were incorporated

the quality of the imagery, especially with regard to resoluticn ..

imprcved.

2 2
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(U) There was never a problem with the quality of the image

contrast. Contrast goals were achieved and demonstrated

early in the program and consistently thereafter.

(U) Improvements in the targeting control capability of the system

improved resolution. Results obtained from the last few flights

demonstrate the dramatic ability of LOREORS to penetrate haze

and record target images. A description of these flight tests

with an evaluation of the results and examples of imagery

are given in Appendix C.

U L S I
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(All of section 3 is unclassified)

3.0 THE LOREORS SYSTEM

The configuration for the Long Range Electro Optical Reconnaissance

System was comprised of eight subsystems and components. Of the

eight, four are essential for imaging and signal processing. These

ccmnonents are:

a) The Imaging Sensor Unit

b) The Servo Box Unit

c) A Two Bay Processor Console

d) A Dual Bay Computer Console.

The remaining four components comprise peripheral support

equipment:

a) A CRT Data Terminal

b) A Twc-Bay Air Conditioner

c) An Air Compressor

d) A Ground Station Data Processor.

All of this equipment with the exception of the Ground Station

equipment, was used in the airborne LOREORS configuration.

3.1 SUBSYSTEM COMPONENT DESCRIPTION

3.1.1 Imagina Sensor Unit

The Imaging Sensor Unit shown in Figure 3.1-1 is shown without the

ancillary manifolds and tubing normally required for distributing

environment-control air conditioning. Extending over thirteen

feet in length and weighing over 2000 pounds, the main assemblies

cf the sensor are the scanning head, the lens barrel and barrel

exen=icn and the sensing head. The senscr is shock mounted
0 within a transportation/holding fixture which is equipped with

z nstcrs to faciizate its transport.

UNCLASSIFIED
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(U) FIGURE 3.1-i. SENSOR
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The functional components within the Sensor are the Optical

s77stem and the focal plane assembly. The Optical system is

composed of the aiming mirror and the focussing lens train.

The focal plane assembly, upon which the target is imaged, is

comprised of the beam sharer, the six TDI-CCD detector chips

and the associated electronic control components. Drive

components for aiming and scanning are also housed in the Sensor.

3.1.2 Servo Box Unit

Servo control components required for the Stabilization and

Control Subsystem are housed in the Servo Box Unit. There

are three control servos in the imaging system, the Scan Servo,

the Forward Motion Compensation (FMC) Servo and the Sensing

Head Servo. The power supplies and power amplifier for the

Sensing Head servo are housed within the Servo Box along with

converting preamplifier and multiplexer cards.

The Servo Box Unit shown in Figure 3.1-2 also contains the

electronic components which support the Inertial Navigation

System (INS). Shock mounted in a frame which is tied to the

vehicle floor, this Servo housing measures three feet wide by two

feet deep by one foot high.

. Two-Bay Processor Console

_nstructea 4- a dual console hcu:sino comorised o a --ae "

structur . 50 inches hich by 53 inches wide and 29 inches =ieeT,

th-e Processor Console contains all of t-e electronic circuiZrV

U
1
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required to process the video signals for the IMC/FMC signal

channel and the six video image signal channels. As shown in

Figure 3.1-3, the Processor contains the signal channels in the

right compartment and a power supply assembly in the left

cabinet. For stability in the airborne platform this console

is shock mounted in a frame which mounts to the installation

:oor. All subassemblies and components are accessible for

cperation and maintenance through double doors on both the front

and back of the cabinets. A triple-tier card rack contains the

analog and digital video signal processing electronic cards. A

single card rack contains the IMC/FMC detection cards. A power

suoply, which provides all of the power levels required for console

operation, is on a separate chassis. Cooling components required to

circulate air within the cabinets are contained in the lower con-

sole area.

3.1.4 Dual-Bay Computer Console

As shown in Figure 3.1-4, the Computer Console is also contained in

a mounted standard-size dual cabinet which is shock-mounted in

a ancillary frame for stabilization while airborne. Access to the

computer subassemblies is through the front of the Console (with

:he front protection doors open). These components also can be

slid forward for front maintenance. Located in the left section

(facing the console) is a Hewlett Packard-l000 minicomouter which

ocerates wzh a HP 7900 disk controller and cower unit mounted

oer _ . __a' Tocaer Unit is also included tc stcra recoried

ccera:mona dama. Mounted in the riaht hand consce secticn are

the Amnex alrbcrne digital recorder used to store the .maaerv data

zathered durna a missicn and its support equipment.
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I
2. ..5Supzort Eauinment

Ancilla-ry equipment utilized to support LOREORS imaging operations

consists of the CRT Terminal shown in Figure 3 .1-5 which provides

an operator interface with the system computer, an Air Conditioner used

(see Figure 3.1-6) to circulate conditioned air, either heated or

cooled,to maintain a constant thermal level, an Air Compressor 1
see Figure 3.1-7) to supply the air current required for the

Sensor air bearings and a Ground Station Data Processor shown in

izure 3.1-8 used to reconstruct the image data into hard coov.

2.2 FUNCTIONAL DESCRIPTION

-eneral description of the LOREORS functional operating

areas a-r presented in the following: The main functional

ubsvstems of LOREORS are:

a, The Cptical System which imaces the tarcet on the focal

olane

b) The Stabilization and Control System used to aim the

Sensor at the target, scan the tarcet and to neutralize

relative motion between the target and the Sensor

) The Environmental Control which isolates the Sensor fron its

.. o_nd.,gs and ccmoensates for external inouts which dearade
one ina~e..

he Auto Focus System which corrects cr focal error

me Sensino Head and V iieo Processor whi4C conver- s the j
=:ica -mace to an e iecr4cal si nal and :hen orocesses

-e vd:eo Si:nal d aa r2ccfin

..e Ccimuer which controls all system coeraicns

T" e r un- S t a c n. z e rcss s n
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_e senscr lens forms an image of the transmitter grating on

te receiver grating. Oscillating the scan mirror causes the

imace cf the transmitter grating to be swept across the receiver

:ral:no. With the gratings and CCD array all located in the

_ccal ane, best-focus grating and CCD imagery are obtained

muoane ou sly (for infinity focus)

-. i-e:ransmitter araong image best-focus condition results when

7:.e nignest instantaneous maximum light passes through the

receving gratina, as collected by a large area silicon photodiode.

Defccus conditions result in lower instantaneous maxima. This

is shown in Figure 3.2.4-2. A plot of maximum response vs. defocus

or a iven grating pitch is shown in Figure 3.2.4-3.

:he actual grating pitch is chosen to yield an effective defocus

rance of approximately ±0.016-inch. This choice provides

sufficient sensitivity to attain a practical focus correction of

-0001-inch (1/3 of a 1/4 wave rayleigh tolerance).

-:tofccus correction reauires two steps, (1) acquisition and

2) vernier correction. Acquisition locates the "approximate"

-es-- focus osition within the total back-focus correction rance

available. It is estimated that a range of 0.250-inch is re-

uired (including ground test conditions). Acquisition is

ccomnli shed by moving the focal plane carriage to one end of
4_3 0.250-inch travel. With the scan mrror oscillatina, and

-"e carr_4ae movino at aproximatelv 0.Ci'O-inch steps, the :

.x.o _ao outnut is read and stored. Af-er 25 (0.250 inches)

raoinas have been ccmpieted, the carriage is returned to the

7-s ion producinc the maximum response.

j;
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pressure conditions. This refocussing ability minimizes the

need for long soak periods in controlled thermal environments

before peak imaging performance can be realized. The autofocus

system senses deviations in the back-focal distance of the lens,

which result from temperature or pressure changes and thermal

gradients, and automatically restores the camera to a best-focus

condition.

The autofocus system consists of an oscillating flat mirror,

and an optical transmitter/receiving grating pair, which is

mounted on the focal plane. The focal plane is mounted on a

servo-driven carriage with an encoder for position feedback.

Based on the signal from the grating pair, the computer determines

best focus and drives the carriage to the proper position.

Autofocus system operation is achieved using the camera's own

ootical elements (lens and scan mirror), as shown in the optical

schematic of Figure 3.2.4-1. The grating pair and the CCD array

are mounted on a carriage, coupled to a precision drive mechanism,

capable of adjusting the back focal distance over the requisite range.

A _i."t source illuminates the transmitter grating. Light passing

zrou:h this grating is transmitted through the lens, reflected

back by the mirror, retransmitted through the lens and returned

o the receiver grating which has a photodicde detector located

behind it.

43 A
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system designed to provide approximately equal deflection

constants in each of the three orthogonal directions. This is combined

with a dry friction type of damping and a resilient, snubbing limit-

Stop. The Temperature Control System provides both heating

and cooling in such a way as to maintain the entire camera as - -

nearly constant and as close to a fixed temperature as possible.

The air conditioner console, supplies the camera with pre- -,-

conditioned air. This air is circulated between the lens barrel

and the thermal shroud, around the sensing head, and around the

scan head. The circulated air is routed back to the air

conditioner for reconditioning. In addition, the sensing head

has eight thermo-electric coolers strategically placed to maintain

proper sensing head temperature. The entire camera temperature

is monitored by thirty thermo-couples distributed through the

camera sensor and can be read out on the CRT Data Terminal.

The focal plane, located in the sensing head of the Sensing Unit,

is conditioned by a combination of the thermo-electric devices and

the circulating conditioned air. Three thermocouples are boated

on the focal plane to enable monitoring of the Sense Head

temperature. These thermocouples are part of the system monitoring

svs tem.

A total of thirty iron-constantan thermoccuples are located

througohout the Sensor to monitor temperature. Besides the three

in the focal plane, nine are located in the Scarn Head and 18

arcund the lens barrel. These mcni-crs are read by a data lcu-er.

Autofocus System

.he Autofccus System autcma:icaii :omzensa-es for deviatcns-

_n the Sensor c.o__cal chartcs --to- zrzvide the best

--- -ae -cus " a ran- - : -- cerature a=d
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Navigational (NAV) data consisting of target location and

inertial reference data are fed into A/D converters. These

data, related to the aircraft position and orientation

based on heading pitch and roll information from the INS, are

synchro generated and converted to digital form in the

Servo Box Unit. Altitude dataare similarly generated from a

radar altimeter. Converted NAV dataare multiplexed with inputs

from the three position encoders. The encoders indicate the

prezent Scan, FMC, and Sensing gimbal orientation. Comparing

the input commands with the feedback, the computer generates

updated, current commands to drive and reposition the gi,-ibals

as required.

FMC commands are generated from present vehicle V/H and

desired Scan angle coverage. The FMC inserts corrections

for aircraft advance driving the Scan gimbal at a one degree

per second scan rate.

During image scan,the focal plane assembly in the Sense Head

must be locked to the mirror in the Scan Head. This is accomolished

by slaving the Sensing servo to the Scan servo. The feedback
from the Scan encoder is added to the signal from the Sense I
encoder in a differential amplifier and then added to the computer

sense command, effectively locking-in the Sense torquer.

3.2.3 Environmental Ccntrol System

_e __vironmental Control consists of a vibration and shock 6

system and a Temerature Control System. Protection from

1-raticn and shock is provided thru the use of vibration filter

d-cntincevices between the image sensor housing and its frame. 

-se '."_rat'on ,oun-s contain a spring ,--ss -Den--
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are achieved by rotating the Scan Head relative to the Sense

Head. An encoder on the Scan Assembly generates scan position

feedback and a roll rate gyro generates roll rate feedback

signals. This rate gyro, mounted with its input axis parallel

to the vehicle roll axis, is connected to the Scan gimbal;

forming a rate feedback loop used to maintain a constant image

scan rate relative to inertial space. The air bearings at

each end of the Sensor link the Scan gimbal to the Scan Assembly

and the Sense gimbal to the Sense assembly and are supplied

with air from the Compressor Unit.

Pitch stabilization is achieved by summing vehicle generated

pitch signals with Scan Command signals. An encoder on the

Sense Assembly and a rate gyro on the Sense gimbal generate

the pitch position and rate feedback signals.

Yaw stabilization is achieved by summing vehicle yaw signals

with FMC Command signals. Feedback in this loop is also generated

using an encoder for positional location and a rate gyro for

rate signals. FMC gimbal inputs to the FMC torauer rotate the

pointing mirror, which is decoupled from the Scan gimbal through a 1
roller bearing.

3.2.2.2 Control Signals

.!4irror pointing command and control is generated by the system

ccm;uter based on target location, aircraft posizicn and feed-

back offset information. Aiming of the mirror is performed by

ser-:o positioning as determined by computer cenerated information. _

This is shown in Figure 3.2.2-2.
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CCD's averages about 68%, whereas the diffraction limit is 73%.

Images are focussed upon a beam sharer, (described in the paoers

In Appendix A) where it is split into sets of transmitted an, '

reflected beams. These ray groups focus upon the odd and even

CCD chips in the focal plane to produce sections of the image scan

line. These sections are then combined to produce a continuous

scan line.

Cross-track coverage is obtained by rotating the scanning mirror

about the aircraft roll axis to produce a cross-track scan.

Forward motion compensation for vehicle advance during the scan

is obtained by supplying an opposite drive into a mirror servo

to maintain a constant pointing angle. Focus is automatically

pre-adjusted to an optimum setting prior to an imaging run to

compensate for the effects of residual thermal gradients, wave

front errors and variations in slant range.

3.2.2 Stabilization and. Control Subsystems

The Stabilization and Control Subsystem utilizes the Scan,

Sensing and Foward Motion Compensation servos for both stabilization

and target aiming (see Figure 3.2.2-1).

3.2.2.1 Stabilization

Stabiization o4 roll motion is acccmlished by addina roll

motion correction signals to Scan Command signals. Scan Command

signals are developed as a result of raze and positicn inputs.

hmage sensing assembly,mounted with its scan axis oarallel

tc the vehicle roll axis, is rotated within the Scan and Sense
- a a i bearincs at each end of this assembly. Rcll corrections

27
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3.2.1 Optical System

LCREOR'S Optical system uses a scanning mirror to view the

objective scene through the aircraft window, which is considered

part of the optical train. The mirror folds the optical path

through a 900 angle directing the imaged scene toward the lens.

A near diffraction limited 144 inch (3.66 meter), F/12 lens,

with a 96 inch (2.44 meter) overall length was designed to cover

the entire silicon spectrum. All of the lens elements are air

spaced spherical elements. The entrance pupil of the lens lies

at the first surface of the objective group. This offers a

significant advantage with respect to the scanning mirror

operation, since the field of view divergence starts at the

entrance pupil and thus allows the use of a smaller scanning

mirror than would otherwise be possible.

The lens is of an extreme telephoto form, consisting of a six element

objective group, a three element negative Barlow group and a

single element field flattner near the focal plane. The

objective group has a focal length of approximately 72 inches. Its

image serves as a virtual object for the Barlow. The combination

produces a real image 96 inches from the entrance pupil with an

effective focal length of 144 inches. This lens is completely

unvignetted cver its field of view of 5.860 (0.102 radian). its
image format is 374.4 mm.

.Mcdulation transfer function per'ormance across the field cf view

is equal in both directions thrcuahout the field. The =7T at

*25 line -airs ter miillimeter, the Nvcuist limit cf the imacinc

36
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Vernier Motion is recuired to locate the best focus position

to within ±.001 inches. Vernier correction is accomplished by

offsetting the carriage by a minus .010 inches from the acquisition

best focus position and driving the carriage at a slow rate.

With the scan mirror oscillating, the photodiode is read and

stored at .001 inch intervals. After driving through approximately

20 readinas, the carriage is returned to the position producing

the highest response.

3.2.5 Sensing Head and Video Processor

The sensing head is the assembly which senses the image by means

of a CCD detector chip array. Within this head are electronics to

ensure proper CCD operation and video amplification. In addition, the

sensing head contains exposure circuitry to measure scene brightness

and correct for the proper number of TDI integrations.

The processor receives and filters an amDlified video signal

from the sensing head. Corrections are made to compensate the

video signal for beam-sharer fall-off occurring at chip edges,

and for photosensitive differences between elements. Back-

ground subtraction and video amplification are also performed

with the video in a digital form. The data are recorded

on an airborne recorder. The processor also communicates

with the cnbcard computer system and controls airborne recorder

c ieraticn, n addition, the video .rocessor detects IM C and FMC

errors and provides correction si(nals for either the scan or

* FM.C servos.
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3.2.5.1 Airborne Video Subsystem

The airborne video subsystem, see Figure 3.2.5-1, consists of an

analog/digital processor and a CCD focal plane with drivers,

logic, exposure diodes, and exposure control circuits.

Also included as part of the airborne video subsystem are the IMC

detection circuits for the image-motion-correction servo sub-

- system.

3.2.5.2 Focal Plane Electronics

The analog and digital processor outputs an end-of-line sync, a

* 1.45 MHZ clock, and the number-of-integration-select code to the

Array Logic Card. This card processes the signal and then

feeds proper timing and control signals to the eight Array Driver

Boards. The eight Array Driver Boards (6 video and 2 IMC

detection) supply the CCD chips with the proper voltages, timing,

and number-of-integration codes. The video from the CCD's, is

amplified by a factor of ten on the Array Driver Board, and

then sent to the Processor Console.

Located on the focal plane are 15 diodes used for exposure control.
The ouputs of the 15 diodes are fed to the Auto Exposure Control

• Circuit. This processes the signal and provides a 0 to -10V.
* range exposure signal for each diode selected. The diode

selected is determined by a computer word received from the

Subsystem Interface Card. In addition to storina and supplying
the computer word, the Subsystem Interface Card processes the

15 exposure signals as they are selected. The exposure signals are

converted to 3 bit digital words and gated to the computer by

multiplexer circuitry.

49
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3.2.5.3 Processor Electronics (see Figure 3.2.5-2)

The processor electronics are contained in a three-bucket card

rack located in the Processor Console. The processor has both

an analog and a digital section. The analog section consists
of 8 identical channels. Only one representative channel is

aescribed. Two of the channels, processed by the analog section,

are fed to the IMC circuits. The other six go to the digital

section of the processor. The digital section consists of 6

identical channels. Again, only one channel is described.

Circuits common to the channels are described individually.

3.2.5.3.1 Analog Section Of Processor

The amplified Video signal comes to the processor console from the

sensing head. Each of the eight channels of video signal goes through

a Matched Filter Card, a Signature Correction Card, and a Signature .

Correction-Max-Min Card. Video from the S.C.M.M. Card also goes

to two Max-Min Cards. The six video channels go to one set of two j
cards and the two IMC channels to a second set of two cards.

3.2.3.3.2 Matched Filter Card

The amplified video signal from the focal plane amplifier is

fed into one input of a differential amplifier where it is

subtracted from the Sensing head around signal; effectively

cancellina transmission cable noise pickup. %An inverted video

signal is then fed thrcuah a matched filter for switching noise

reduction and a two-times amplification.
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At the beginning of each image scan line there are a few non-imaging

"dark" pixels. This dark level is sampled as an average dark level

and stored. The stored level is then subtracted from each of

the 1024 sampled-and-held image pixels. At the output amplifier

on this card the video gain is reduced by half.

I .2.5.3.3 Signature Correction Card

The video signal goes througn three stages of signature correction,

two of which are performed on this card. The first is dark-

signature correction. Every pixel has a different dark signal level.

Prior to sensor operation a dark signal calibration cycle is

performed on each CCD chip. A dark signal video line from a

"capped" array (i.e.; no light input) is fed through the dark

siZnature circuits (uncorrected) and digitized. These digital -

data are then sent via the calibrate interface circuit to the

computer where they are stored.

During normal imaging operation the stored dark signature is

recalled and subtracted pixel-by-pixel from the video signal.

Corrected video is then sampled and held in a register.

-he second circuit on this card is the beam Sharer correction circuit.

The beam Sharer used in the focal plane causes a fall-off of

image intensity,-due to image beam shear of up to 50% at each

ond c- the imace beam. To ccrrectfor beam shear the sianal is

split into two paths which are eventually summed. The firs-

7ath is a resistive divide with a cain of 0.5. The second path has
a gain varied from 0 to 0.5,correspondina to a crestored 7 bit code

recalled from an EPROM. The X variable cain values were oreviOusL.

etermined an' stored from calibraticn measurements made on the

seam Sharer. The two video signals are resumnmed, samnled-and-
:.el aaain and zhen fransitted rom the zard.
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3...3.4 Sianature Correction Max-Min Card

Light sianature zorrection is the third stage of video signal

correction. Each photosensitive cell of the CCD array has a

slightly different gain. During preoperation calibration procedures,

these differences are measured and stored in the computer.

During normal imaging operation the computer recalls the correction

factor for each pixel. This correction factor is multiplied

with one-half of the corresponding video pixel value, previously

split off in a resistive divider. The corrected gain video is

then added to the other half of the video signal. After another

sample and hold operation and further resistive attenuation the

signal is amplified by a factor of five. This procedure corrects

for signal loss through the three correction stages and the

three sampling stages with a final resultant signal in the range

between zero and plus five volts.

Part of the video signal is then directed from the correction

Card to the two Max-Min Cards. The remainder after going through

a divider has the offset signal from the Max-Min cards subtracted

from it. The new signal is doubled in amplitude.

.n the final staae before going to the A/D converter, the video

is multiplied by the gain sianal from the Max-Min Cards. One

tenth of the signal, in the 0 to -1.25 volt range is filtered,

eliminating random noise and, lastly, divided one more time

reducing the maximum signal to -0.5 volts. This sienal is then

sent to be dagtized.

3.2.5.3.3 Max-Min Detection Cards

_Detecton Of the maT:immu and minim,,= slanal levels in the _-%

";idec :.annels is continuouslY monitored to determine the cverall
-:'nai snread. These siznals are fed zo zhe computer. A IMir

riUi'- Derforms t he s a-e sional "-:rm. e" : e

S e n anoher :ro. -' -
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A second set of detection circuits monitors the maximum and

minimum signal levels in each video line. These maxima and

minima are used to determine the gain and offset correction

signals for the Signal Correction Max-Min Cards. Maximum and

minimum levels are measured for each of the six video channels

and the two IMC signal channels.

The gain signal is obtained by doubling and polarity inverting

the line maximum and adding this to the doubled line minimum.

This is the peak-to-peak voltage range. One sixteenth of the

range signal is added to the line minimum producing the minimum

offset signal. The five volt spread of the peak-to-peak signals

is divided into 12.5V to rescale the resultant gain signal.

3.2.5.4 Digital Image Processing

The main functions of the video signal digital processing are

to enhance the low contrast imagery using Non-Sharp-Maskinc

techniques and to compress the resultant signal for in-flight

digital tape recording storage.

3.2.5.4.1 Image Enhancement 1

Non-Sharp masking is performed to enhance the high frequency

information in the video signal. This processing reduces the

background, relatively larger low frequency brightness variations,

to permit amplification of the low contrast object details.

The image Enhancement circuit consists of an 8 Line Memory,

7ertical Averaging Circuit and a Center Data Minus Unsharp Da-a

o_-ruit_-u. These circuits are described below. The function cf the 

Enancement circuit is to enhance video transistions from one

igh level to another. This is performed by taking a ru nnina

average of an 8 x 9 pixel area and subtracting this value from the

7-anter pixel value of that area. This can best be seen by re-fe:ring

t7 Tigure 3.2.5-3.
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3.2.3.4.2 8 Line Memory - Unsharp Data

To obtain a running average of an 8 x 8 pixel area the eight

line memory accumulates a sum of eight contiguous lines. Eight

bit words are received from the Max Minus Min Detector Circuit.

Eight lines, with 1024 pixels of data per line and each pixel an

8 bit word (63,536 bits) are stored in this Memory section.

oixels bits
8 Lines x 1024 line x 8pixe! 65,536 bits.

These eight line packets are first summed in the vertical direction

(in the Vertical Averaging Circuit) as the sum of individual

pixel columns. The result, 1024 column sums of eight pixels each

are then added in the horizontal direction, to each other as the

sum of eight horizontal sequential sums (in the Horizontal

Averaging Circuit). The result is a running sum of 8 x 8 matrices.
Dividing these Matrix sums by 64 yields an average value for

each matrix. The average values of this continuous process is the

"UNSHARP" data. Averaging the data in this manner, effectively

filters the original data to remove the high frequency comoonents.

3.2.5.4.3 8 Line Memory - Center Data

A second function of the Eight Line Memory is to generate a set

of delayed pixel data known as Center data. Center data is obtained

by taking data from the memory after a four line plus three

pixel delay.

3.2.3.4.4 Ve--tical Averacrina Circui-

-%,e function of" the Vertical Averaaina circuit is to aenerate an

outzut that is the runnina sum of 8 vert-cal Iines. 1024

of line one are added to the resoective :ixels o- lines

ewo thr4uh eight. Dach line of data -s crocessed in a F O .ode

..... ut, after an eirht line -elav. When meecr:

!3 f:iled wi-h ei.4ht lines, the deI' : ,4 aoa are s=,:ne- ana stzr-
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in a 1024 x 11 memory. (The sum of 8, eight bit words is an

eleven bit word.) See Fiaure 3.2.5-4.

The first line is then read out of the memory and a new eighth line

is read in to form a new eiaht line set. Thus a running eleven

bi- vertical sum called "VAV" data is formed.

3.2.5.4.5 Horizontal Averaging Circuit

The function of the Horizontal Averaging circuit is to generate

an output that is the running sum of eight serial, vertical,

pixel sums from within a VAV line (See figure 2.2.5.-5). Each

VAV line is closed loop processed through an adder whose output

is :ed back to its input via a register. As new data, an

eleven bit pixel sum, is applied to the adder, the previous VAV

pixel sums stored in the register are added to this new data.

This continues until a total of 8 pixel sums have been added and

stcred in the register. While the horizontal pixel sum is being

cerformed each input pixel sum is also stored in a 8 x 11 FIFO memory.

When the nineth word and each succeeding word is fed into the adder

the register puts out a 14 bit word (the sum of 8 eleven bit j
words is a 14 bit word). This 14 bit word is simultaneously

sent to a subtr.ctor and a divider. in the subtractor a pixel

sum- from the 11 bit memory is subtracted from the horizontal

bit sum and then added to the new adder word thus creatina a

.. n. su- .m cf an 8 x 3 Dixel matrix. in the divider the .4. -

z- :; wrrc is divided bv 64 computin. the average ,i::el value fo r

=3 7at-ix area. Th--is average value is the 7SH.AR? data.

3.2.3.4.6 Center Data Minus Unsharp Circuit "

I. -c fr-.ticn of the C:N:_,E.RDA:_A %!i nus U.Si-iARP Circui- is to

-7neraZe _n 3 bi- wcrd -=- in-:er -edi fcr- _._
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f Specific experiments demonstrated the ability of integrating

detectors to extract information from low contrast scenes.

Photo sets 4-1 and 4-7 give two examples of the image signal-

to-noise improvement obtained by increasing the number of

integrations. Under identical imaging conditions, the picture - -

sets in each figure compare the quality collected imagery for

four versus sixteen integrations. All pictures were taken from

a slant range of 12NM (depression angle of 160) between 11:00

and 11:40 a.m. on 6/22/80.

( Scene brightness was approximately 800 foot-lamberts. Image

contrast was 1.05:1. The 16 integration photos were taken with

the TDI-CCD at just less than 50% of saturation (about 300,000

electrons). The exposure time vas 12.5 msec. At 4 integrations,

the exposure time was 3.1 msec. Collected signal was approximately

75,000 electrons.

* The samples illustrate clearly that TDI is required to achieve

noise free imagery. The top two photos of each figure illustrate

low signal levels. An insufficient number of electrons were

collected. The signal-to-noise ratio in these photos is about

10;1 between the maximum and minimum brightness areas of the

scene. The lower photos in each figure illustrate the increases

in utility obtained by being able to collect sufficient signal.

The ability to collect and handle large numbers of electrons A
in small detector sites was one of the trade-off consideraticns

relating resolution and contrast detection during system desizn .

This data indicates that system performance, at low contrast,

was Clearly limited by signal collection capability and not

detector element size.
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U) Removal of haze levels in the image using an analog signal pro-

cessor with minimum/maximum detection and background sub-

traction.

(U) Development of an image enhancement algorithm which processed

digital scene data to enhance edges and further remove slowly

varying background. This algorithm served a dual function of image

enhancement and data compression by compressing image data from

8 to 6 bits.

(U) Digitization and storage of data in an airborne recorder for

subsequent playback in a ground station.

(U) Development of a ground station for image playback, reconstruction

and reproduction. This station included a digital playback deck,

a digital/analog data reconstruction unit and a laser beam recorder

for imace reproduction and processing on five-inch dry silver film.

(U) Once fabricated, this system was installed in a C141 aircraft and

flight tested. The installation included modification of the

aircraft to replace the crew entrance door with a 29 inch diameter

optical window. Flight tests totaled 73 hours in 23 separate

flights.

(U) 4.3 TEST RESULTS SUMMARY

l Flight tests of LOREORS demonstrated the ability of sili con based

TDI-CCD detectors to double the effective working range of a

conventional film reconnaissance camera in moderate and heavy

haze. Identification of aircraft was achieved at 30NM slant

range with moderate haze producing an image contrast of 1.006:1.

identification of vehicles was achieved from 12NM at an image

contrast of 1.02:1. Both contrast levels were substantially

below the limit of a film camera (1.1:1). See samnle photos

sets 4-i and 4-2.
72
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(U) Development of a new, large format (1024 x 64), silicon, TDI-CCD

detector array which was required to improve the signal-to-noise

ratio of the collected image data.

~ Development of an assembly technique for optically butting together
many CCD detectors into a single long array with as many as 13,000

pixels, with subsequent fabrication of a 6000 pixel (six chip)

array for use in the camera system.

(e)- Design and fabrication of an f/12, 144 inch focal length lens

optimized for MTF over the entire silicon response band (4500 to

9500A) to the edge of its field. The lens provided a wide, 5.7

degree, field-of-view plus a telephoto ratio of 1.5 for compactness.

(U) Development of a sensitive temperature stabilization system using

thermocouples strategically placed throughout the lens barrel and

air circulation system. This system was designed to stabilize

camera temperature to within one degree of ambient for any

ambient between 55*F and 80'F.

(U) Development of an auto focus system which optimized infinity camera

focus, over the silicon spectrum, for any combination of pressure

and temperature. The pressure range varied from ground level to 10K

feet. Temperature from 55 0F to 800 F.

U) Development of a system for automatic camera pointing based on

inertial navigation data. This system performed computer

calculations based on aircraft latitude, longitude and altitude plus

camera pitch, roll and yaw to determine the correct pcinting

angle of the camera scan mirror for target acquisition. Up to two

hundred target locations, in latitude,lonaitude and altitude,

could be entered into the mission memory.
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(U) 4.0 SUMMARY OF TASKS AND RESULTS

(U) 4.1 INTRODUCTION

0 The objective of the LOREORS program was demonstration of the

performance capability and performance limits of charge couple"

device detectors, operating in the visible to near infrared

spectrum, for long range reconnaissance. Adequate demonstration

of this capability required the fabrication of a flyable brass-

board camera system and its subsequent test. To this end, the

tasks outlined in the following paragraphs were performed. In

total, they formed a substantial effort designed to verify the

ability of these detectors to provide useful intelligence data,

under heavy haze conditions, out to a slant range of 30 miles.

. These requirements were translated, on a theoretical basis, into

a set of performance goals for the LOREORS system. The theo-

retical goals included:

o Operation between brightly illuminated and

cloud shadowed targets.

o Demonstration of one foot GRD, with 30 mile

slant range, from 30K feet, with an image contrast

of 1.00125:1.

(U) In order to demonstrate this remarkable capability, the following

subtasks were identified and performed.

( ) 4.2 TASKS INCLUDED:

(U) Development of a side oblique camera system (designed to operate

from a medium to high altitude platform) from which imaging

data was collected in a sector scan panoramic mode.
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complete image is composed of 12 800 lines. The LBR converts these

data to a hardcopy image by writing with the coherent light beam

on a dry-processed silver film. Annotation data for the scene

are included as part of the digital data processed thru the Data

Processor to the LBR for inclusion on the final image display.

US
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and can be examined by the operator from the DATA inquiry

program while "SCANR" is running.

"SCANR" will automatically start & stop the video tape recorder
when required. It will initiate the program GTEXP to perform the

exposure determination and the CCD calibration data transfer at

approximately 5 seconds before the start of picture taking.
"SCANR" also starts and stops the picture scan and the data logging

during picture scan. After all the targets have been processed,

LOREO will terminate "SCAINR".

3.2.7 Ground Station Image Reconstruction

Reconstruction of the airborne tape recorded stored image was

accomplished in the Ground Station which is equipped with a

Playback Tape Deck, a Data Processor and a Laser Beam Recorder.

Replaying the digitized data from the tape player into the Data

Processor, the original image was reformed by recombining the

high and low spatial frequency components of the image data.

Each unsharp 8x8 matrix average of original data (low frequency
data) is multiplied by a interpolation factor to remove processing

noise. Further low frequency filtering is perforimed by computing

the average of 4 adjacent 8x8 element areas and using these new

average values as updated unsharp data. This reformed unsharp

data is then added to the sharp data to obtain an edge enhanced,

compressed range scenic reproduction.

Processina is nerformed simultaneously, in parallel on each of

six data sets. This final image data is then placed in a buffer

memory until recalled for readout.

-uring readout the laser beam recorder requires 9-bit ::ara7

w;ords from the Data Processor. The six sets cf da-a are read cut::

seral ,t 1a .as six 1024, 8-biz words ner irace ine"
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Similarly to remove power from the system a "DOWN" command

must be keyed in. A list of devices to be deenergized will be
listed with a procedure. Execution of a space and carriage

return combination indicates an end of the power down subroutine.

3.2.6.3 Sensor Computer Control

A MISSION comand is used to start the imaging control program

called "SCANR". This "SCANR" program, which will run concurrent
with the "LOREO" program, enables the presighting of targets
imaging, and target processing. I/O data is also entered into

the system common memory on a regular basis for later retrieval.

After a series of preliminary initializing TDI program question53,

which must be answered by the operator before proceeding, the

system will be placed in "SCANR"; an automatic program for controlling

the Sensor movements for pointing and image scanning. Target

parameters will be automatically acquired from the various system

memory sections and pointing angles computed. The Sensor FMC

& Scan gimbals will be driven to the desired orientation with

respect to the present aircraft location and altitude.

Program "SCANR" schedules itself every 40 msec, each time executing

cne cycle consisting of; 1) reading navigation data from the INS

system, 2) reading encoder positions, 3) calculating desired servo

positions or rates, and 4) transmitting servo drive commands to

point the Sensor at the target or to per form an image scan.

.At the conclusion of each image scan, the program acauires the

ne*z.t tarzet ard repeats the process until all targets have been

completed. 'Wen "SCANR" is in the pointing mode, the servos are

cositioned to the calculated angles. When "SCANR" is in the

scannina (image acquisition) mode, rate equations are solved to

deter.ine the FMC & SCAN rates. These angles or rates are converted

tL servo Cutnut co..ands and sent to the FMC & SCAN servos.

-he .S system, NAV data, encoder cositions, altimeer readinqs
and -he :R! :121-7. values are stored in co-mon memcry by "SCN"
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INVALID COMMAND: TYPE "HELP" FOR COMMAND LIST

The "LOREO" program is self instructional and is organized to

assist the uninitiated laser with the assumption that the user

understands the system operation. A "HELP" input produces the

Command Summary on the CRT screen. The operator may terminate

this "LOREO" program at any time by executing an exit command,

/E; this returns the computer to the operating program.

A set of safety interlocks have been programmed in "LOREO"

to protect the system from Sensor damage by improper or conflicting

I/O instructions. These interlocks are stored in the system

common memory section and are unaffected by exits or re-entries

into the LOREO programs. Interlock status can be examined by

issuing a "STATU" command through the keyboard; interlock flag

status w;ill be displayed on the CRT monitor. The five status

flags are: System Power Up, Mirror Caged, Mission In Progress,

Logging On and Recorder On. A simple "Yes" or "No" statement is

displayed as the status report. The compressor air status and

the current target number in process are also displayed. Interlock

flag status information is important because certain system

commands will not be executed unless the flags are properly set.

Table 3.2.6-2 outlines the command interlock combinations required

for given commands.

To apply power to the Sensor system the operator uses the "UP"

zomman . This produces an operator checklist and secuence of

=rocedures instructina the user how to apply power to the equipment.

Upon completion of this sequence, the operator must type in a space

and a carriage return on the keyboard. The air compressor status

will then be checked. If the air status is faulty, a fault
tessaae will be displaved and the sequence will be stopped;
3terwise this program routine ends and returns to the main LORE0

zrozr am.
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I/O interrupt processing priority is allocated by device speed or

urgency need. Highest priority is given to the Time Base

Generator (the system clock). The three general interfaces are

at the next level; the Servo/Navigational, Autofocus/Exposure/Time

and Video Processor. The ssytem disc has the next lower priority

followed by the system, CRT console, the data logger and finally
the line printer. .

3.2.6.1 Memory Assignment

Memory mapping for all software programs is performed with

HP's RTE-III (Real Time Executive) system. The computer can

O- address only 32 pages of memory at one time. The LOREORS system

has 64 pages of memory which are subdivided into a common memory,

accessable to all programs, a resident memory, only for the

*computer and a System Available Memory (SAM), only for LOREORS

systems programs.

- 1.2.6.2 Command Program

Access to the LOREORS sensor System is provided with a program

labled "LOREO". To operate the Sensor the user types-

*RU, LOREO

on the CRT console keyboard. An operator response is then

0 requested by the program with a prompting statement appearing

on the CRT screen, such as-

SYSTE- COMMAND?

Azcentable operator responses are listed in table 3.2.6-2,

* Comcmand Summary Table. The complete command word may be typed

in, however, the computer responds only to the first two

c.aracters. When an illegal command (not included in the cc=mnd

se t) is keyed in it will not be reccnized and the followinr"

* error messace will be displayed:

634
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Mirror Mission in

*Command Power-On Caged Progress

DOWN yes yes no

*UP no no

C ALIBRATE yes no no

AIR

* TARGETS

FOCUS yes no no

SERVOS yes no no

DATA

*MISSION yes no no

ABORT yes

U NC'%G E yes no no

FIX yes no no

TABLE 3.2.6-2

COMMAPND INTERLCC(S

46

UNCLASSIFIED



UNCLASSIFIED

z m 0 E-4 r4z

-4 E-4
E-4 >

4-

N-~r

lz U %
0 co4

63

UNCASSFIE



UNCLASSIFIED

I NP UT OUTPUT INPUT OUTPUT
8 BIT 6 BIT 8 BIT 6 BIT

0-11 0 129 33 - -

12-32 1 130 34
33-48 2 131 35
49-60 3 132 36
59-69 4 133 37
70-76 5 134 38
77-82 6 135
83-87 7 136 40
88-91 8 137 41
92-95 9 138 42
96-98 10 139 43
99-101 11 140 44

102-104 12 141 45
105-106 13 142 46
107-108 14 143 47
109-110 15 144-145 48
111-112 16 146-147 49

113 17 148-149 50
114 18 150-151 51
115 19 152-154 52
116 20 155-157 53
117 21 158-160 54
118 22 161-164 55"
119 23 165-168 56
120 24 169-173 57
121 25 174-179 58
122 26 180-186 59
1 23 27 187-195 60
124 28 196-207 61
125 29 208-223 62
126 30 224-255 63

* 27 31
12 2

T.BLE 3.2.3-6

8 TO 6 BIT CCMP-RES:3CN
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As the title implies the UNSHARP data aresubtracted from the

CENTERDATA which tends to emphasize video level changes or enhance

high frequency data. These new data, labled "SHMUNS" data, are

transferred to an 8 to 6 bit Converter circuit.

-.2.5.4.7 8 to 6 Bit Converter

The function of the 8 to 6 BIT CONVERTER is to compress the 8 bit

SHMUNS data to 6 bits. This compression is necessary because

the capacity of the tape recorder is limited to 6 bits per pixel.

This function is performed with a 256 x 6 PROM programmed as per

Table 3.2.5.-6 below. The 8 bit SHMUNS data are used as the
address for the PROM. The 6 bit output (herein referred to as SHARP)

of the PROM is formatted and then recorded on three adjacent

channels of the tape recorder. This SHARP signal, and the

UNSHARP signal recorded on channel 19, are used by the ground

station to reconstruct the airborne picture.

3.2.6 Computer Subsystem

Control of the LOREORS System has been totally automated and

Drogramed for operation under computer Control. The LOREORS

Computer Subsystem consists of an HP 1000 minicomputer utilizing

an HP 7900, 5 megabyte disc. (This disc was selected because

of i-s prior history of usage in the aircraft.) Supporting

peripheral equipment consists of an HP 2645 CRT terminal with

_zassette drives, an HP 2631 line printer and several interface

conficurations for the multiplexers and processors in the sensor

ecuipment. One universal interface is used to multiplex servo an.

navizational inputs, a second multiple::es autofocus, exposure

and time data and a third interfaces the video processor over a

-:4 link. A breadboard interface is used to monitor the a;r

zcnressor operation. A Fluke Data Logger, whizh scans a-_he

Sensor thermoccues, uses an RS-222C lin':-" via an asynchrcnous jill

*nt rface. See fzre '261
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J The photo shown in photo sets 4-1 and 4-2 also help to

illustrate the pointing accuracy achieved by the LOREORS

system under inertial control.

400 The four versus sixteen integration pictures were taken

approximately 40 minutes apart. In each case, the test air-

craft had flown an octagonal route which required 40 minutes

to complete. On successive passes, the overall pointing

accuracy to the middle of a frame of imagery was 300 feet at

15NM. This error is primarily accounted for by drift in the

inertial navigation unit on the aircraft.

i4
8 The advantage of TDI detectors in obtaining intelligence infor-

mation where film or single-line linear array CCD detectors could

not was demonstrated in the preceding test results summary.

a nk The introduction of the TDI concept enables data collection to

I.ong ranges, whare atmospheric haze would normally create a barrier.

The integrating capability however, increases the camera

sensitivity to uncompensated motion. Maximum integration time

for the LOREORS system, using 64 integrations, was 50 milli-seconds.

Most imagery, taken within two hours of noon, required 16 in-

tegrations to produce half-saturation in the CCD detector wells

(500,000 electrons). At this level, the camera exposure time was

*I 1/80 second. This is about twelve times longer than a film

system. At the limiting (NYQUIST) resolution of LOREORS, 11

micro radians per line oair, uncompensated motions would have to

be kept below 440 micro-radians per second in order to insure that

* MTF at the limiting frequency would not be reduced by more than

64%. This is about one third of the level achieved in a good

!on( focal length film camera. Operation at 64 integrations

would require stabilizaticn still four times better.

0 74
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'Ttr"This fact was realized durina the design and fabrication of

LOREORS and provision was made for the best gyro stabilization

possible in three axes. By calculation of gyro errors, this

capability would still fall short of that required for 16, 32,
or 64 integrations. For this reason, a novel method of stabil-

ization was developed for use with LOREORS. In this system,

residual motion errors were detected using the focal plane image

itself. TDI detectors offset by one sample line were placed in --

the camera. Algorithms were developed which could sense image

motion in two directions based on the output from these detectors.

This signal was to be added as a correction factor to the roll,

pitch and yaw compensation servos. This concept was developed

and proven in the laboratory and built into the LOREORS system.

Due to time and budget constraints, however, proper test and

activation of the system could not be performed during the course

of the program. For this reason, resolution in the camera was

limited by the stabilization.

(U) 4.4 CONCLUSIONS

The utility of TDI detectors for extracting intelligence infor-

mation at long slant ranges was readily proven by LOREORS. The

resolution limitation of the system was shown to be determined
by the degree of camera stabilization achieved. Operational

variants of this system can be improved by introduction of the

electronic stabilization technique and decreasing the camera f

number as much as practical.

J
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All of Appendix A is unclassified
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A large TDI focal plane assembly with an optically contiguous pixel format

Henry Sadowski and William Ougger

Imaging Systems Division
Fairchild Camera and Instrument Corporation
300 Robbins Lane, Syosset, New York 11791

Abstract

A 6144 X 64 oixel focal plane assembly has been constructed incorporating six 1024 X 64 Time Delay and Integration Charge-Couoled
Devices (TDI CCDs) in a beam-sharer configuration. The beam-snarer approaches 100 percent efficiency over the format, compared to a
maximum 50 oercent efficiency for a conventional beam-solitter configuration.

The TOI CCDs have 20 X 20 micrometer pixels. The focal plane assembly is constructed so that the pixels are contiguous at the optical
"butt" between cniis to within 2 micrometers and straight within a 6 micrometer error band over the entire six chip length.

These dimensional accuracies were achieved using a precision alignment apparatus developed for this purpose. In a way similar to a
comparator microscope, its optical system provides simultaneous overlapping fields of view; one incorporates fixed reference lines while
the other contains a view of the CCD chips. A mechanical micro-manipulator is used to provide precise control of chip motion in three
degrees of freedom lx, y, dl) for each of the two CCD mounting planes.

The modular focal plane assembly technique makes practical the fabrication of large-format, gapless configurations of high optical
efficiency. Both the assembly technique and methodology of subsequent repair (replacement of chips after some period of service, should
that ever be required) are described in detail.

Introduction

Electro-ootic imaging :inn 'hnrgc-coupled devices (CCD) is finding increased application to long range aerial reconnaissance systems.1
The CCD has a greater dynamic range than film which, when coupled with electronic video processing, permits contrast enhancement and
subsequent image rendition well beyond the capabilities of film. High sensitivity of the CCD in the near infrared spectral region provides
haze- cenetration as weil. Moreover, imagery can be obtained in essentially real time at remote ground stations through telemetry. Time
delay and integration iTDII techniques permit the application of CCD sensor systems to low light level scenarios.

2

Current CCD faorication techniques impose practical limits on the number of photo-elements (pixels) that a single monolithic device
may have. This limitation derives from the "yield" of the manufacturing process. While large silicon wafers can be fabricated, the yield
of satisfactory CCDs from these wafers becomes vanishingly small as the length and/or area of the individual CCD increases.

The TDI CCD used in the fabrication of this focal plane has 1024 pixels, each 20 X 20 micrometers. 3 
Reconnaissance systems require

many times this number of pixels: these requirements can only be met by assembling many devices into a focal plane that approaches the
ecuivatent of a single arge monolithic CCD.

The beam-sharer focal plane

Seversl techiniues exist for assembling a series of linear CCD arrays into a focal plane to form an effectively contiguous line of photo-
ae".ents. ,hee tecnniques may be categorized as mechanical, electronic or optical butting.

In 'ecramcai cutting, the CCDs are placed onysically next to each other, end to end, on a common Plane. To accomplish this eacn CCD
rust '-ave near oerfect, active pixels at its extreme ends. The current state-of-the-art in CCD fabrication is not capable of producing such
CO:Zs. Thus, a -mecnanicaily butted focal plane will have two or more defective or missing pixels at eacn outt.

n, -e case of aec:on;c nuttmg, the CCDs are mounted on a focal Diane in staggered bilinear rows with tne end pixels aligned out uis-
S3c,i ' "e nreci!on or imarie -oton. The second row "ills the caps ' in the first row provided enouqn eiectronic eiay is availaole in

t--' -orm oc "--=crf . 7is r-emory reauirement can be cute suostantial, amounting to oernacs 200 or more tines of cata. Furthermore.
-e- er'-c*,vC ,-ei .ontiquitv may be affected v imate motion and or distortion whicn nay occur curirg tne celav time. This is a con-
Se,?~ce "'e 'act tratz eaci row is not ocoticaly contiguous.

r'-e c3rnn-on otIc31 !echnioue for achieving cont.guous pixel fOc31 planes is the use of a beam-solitter. but, this forces ore to tro.v
a.-a, -ore r-an naif at *'e .rint. However, for optical systems with relatively modest numerical arierture. a oeam-sharer can be used wicn

itzes ,irt'ja' v28 .cercent ,f the tght. The beam-snarer focal iane is shown in Figure 1. its construction s similar to a oeam-o0itter
-ccect trat -e usua, cart ailv reflective, trantmissive coating is reolaced by alternating fully refiec:Ive and tr3nsmissive surfaces. Tius --e

nea-manarer :onsrnes neariv ail of :he 'icht.

- CCs are cemqtec to the outout 'aces of 'he beam-sna-er las in a beam-sotitter with tre ast and rst oixel of successive CCZs

c: :,cahv tut:tl 3 a
-
" a 00t ,uous 3ixe focal drane. However, there is an adaitionai mountino -eutromenrt The nixei bouncares

.7e-,een suCcSes.e 'C35 must nOrmnaiv ineuo with tre coresnonding boundaries of the re0fec:;ve and transmissive surfaces.
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7-P viatoi of eaton reflective transmissive surtace is nominally edlual to the active cnoto-Iengtin of each CCD. This dimension is modified
i;d1r-:v c% :,ne location of ,he exit oucil or *he objective lens, the nature of toe opticai system and the beam-sharer's material 3no dimen-
.ions. 1,cer alirnmeot is achieved whven the reflective, transmissive surface !oounoary iles on the chief ray vwhicn reaches toe corresponding
couniarc, oetsveen successive -C)s.

Boundary effects in the beam-snarer

i 5ro..n in Fqure 2, the beam wshich falls on the boundary of the reflective and transmissive surfaces is physically divided or t t'
71e rocure tlustrates a oeam wnicn is centered on toe juncture resulting in 50 percent transmitted and 50 percent reflected hgnt. Consider

vnat racoens wrnen a beam of light, initiaily in toe fully transmissive region, moves across the reflective boundary, Starting at 100 oercent,
,ne transmitted component begins to diminish as the reflected Component increases from zero. The number of Pixeis affected by toe
bcundarv aecends on the dimensions df toe beam-snarer assembly, the beam-snarer's refractive indlex and toe relative aperture or F number
of the dolective lens,

1/2 TRANSMITTED -

FULLY
TRANSMISSIVE

SUFAE

2 & RECIVE EFLETED IGHTOBJETIVELEN

Figure 1. Beam-sharing focal Plane arrangement. Figure 2. Beamn-sharer boundary effects

- ure 3 srnovs :one ''shadina' or eciative illumination on each CCD in the focal olane wonicn results from the bounicarv effect for toe
,j ieot nerrer. This oearr--snarer was c ?signed for an F, 12 objective, !ts cross sec:-on was one inch by one incn rraoe of ZK % -7 giass,

----------CCD mace plane 085' fram toe sL,-face of toe beam-sharer. it can ble seen i, the figure that ono; 24 pixe-s at cac.1 eno a
12- e'nnt lie are a-.-eczec at 311.

-ee re .% avs of dealino w-'itn t"is 'shading., One way is to overlap tine CCDs by 2- cixeis on eachi side of tne counoary ano
- ~ c3 ! ir n e autout video Tor c:orresoodcing refleacted and transmitted cixci cairS. T',is -,OujjC te ecuivalent :o conservino

7 - -' oniv a is 3ct rcrease in ;cectronic noise and a slight loss of %ITF 'or tre oi-els near *he coundary. -ne C*ner wa,/ a
-3 t eoundar,- !Sc O to ccent toe 'ct loss at t7e bounoary ano correct :oe sradino -)y eiectron C means.

-C-- ' tt V X-nu r,;as !Atilzec ;nrce .3iect- oric ccrreca!n a-hvCO arL, sicnature 300 n.notc resncnse aor r:--!'v
-- , . - 'e -rrJ . -3,;r 3n c,; no pxrse t-ano Oncr-ran- -la t'eC'ouncarv mxv's .000~c -eans -: -a :e

S ~3 C 2arua 3 '\ t -- e "olaudry. 7are is sr-~a! ass ri '17"P-.:Orr, roe CO' x-s ;Gr 'e oxe's ro :-e o-c'.-t
ir s r no.5.00 o; t.- e!4ct .e 3oer-rore.

7Di OD !-aer

seq n tnis '-ca' :. doe -as 20 X 20 -ricotstr oDesS 3no is rarnrrai,\ i,2 oels 'ano %x" -wo 64 ftecs -ca-on
L-3 . 's zeen nrF cur - t"S e -irr0t s 100 2wes w.1. 1 2 oacuec o-xe's 3cca at eaon enn .-ex 3-aOc -Sw -?3
rer- -<r're'r DC - storaton -,P, i-J catcl at toth Pcs aecause t-e outc.r .i-3 ier e-i:stc2r can :,e :wc - _r-.- "n,

J~~rs ~-tI:S- 'j~~5~ ~. -eseamne t.oatnac cate ar-f '?, 3t -'so:- c' ;rrS r-ame cOO tCec '*

-~ '~0OC,3 it 2" - , Or .0''70 25 'n e O -cn 5 t,J0 atr3o0e mat in .3s seer .- icunt -2 ri!-St rtn otcc-
-. '53. ' .t t da. --e 'rar'srer '-osteVt0c'Oe O must !De 009 '3 72.I
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The reason 'or 1030 active pixels is to provide 3 addaitional pixeis at each end of the 1024 imaging pixels. This avoids aoruot and effec-s
.inc assures uniform crosstalk at ootn enos. Figure 4 also snows a pair of fioucial marks wnich are oeoiosited durina first metallization to
liefine tnie 1024 image pixels. The fiduciais are reou;reoi because the cnannei barriers were ton implanted and the pixels tnemselves are not

7ne nurnoer of integrations can be controlled by means of exposure control taps. These taps oermit 1, 4. 8, 16, 32 or 64 integrations.

Optics for focal plane alignment

*The ontiosooniry unoerlying the alignment of the Cs in the focal planle was to bring adjacent fiducials on the CCDs into registration
vth each other ano keep all the fiducials in a straignt linle by optical comparison to a master reference line. Figure 5 shows the optical --i System used to accomplish this task. The beam-sharer and a datum scale containing the master reference line are mounted parallel to eacli

*other on a sliding index plate. This plate is arranged to slide on a flat work taple. Successive CCD positions on beam-snarer are indexed
over vertical or horizontal fine motion mechanisms Imicro-manipulatrrsl used to align the CC~s. The vertical mecahnism mounts t:ne
transmission CCO on the bottom of the beam-sharer through access holes in the Indexing plate; simiiarly, the norizontal mecrIanism mounts
:re efleci CGD on the side of the beam-sharer.

* As seen *n Pigure 5 'No microscopes are arranged such tnat magnified images of the datum scale and the CCO can oe viewed simul
taneosl overiada on one another. The illumination of eacn channel can be Separately controlled so that, one channel at a time can oeI 'viewed, botn criannels simultaneously or eacn channel alternately in rapid succession. For example, when doing the alignment of the
CCD tPutt, only the CCD chiannel is illuminated. However, when the CC~s are aligned for straightness both tne datum scale and CCO
channeis must be illuminated.
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e a-atum scaip microscope -s essentially eouivalent to the American Optical %M1croSTarS microscooe. This type of microscope wvas
!.aSviteo as a te-acriino n-icrosco~oe system. it offers the flexibility of easily manipulating tre optical lenath and system cont:qurations

,,-o~z cranging we (macriT-cation or eouirinci relays. The flexibility of the system sterns from the iac,: tht tne oo~ective .n rtis ricro-
-o e wor~s .%.t an nr irie coniuaate. T'u-s. -he tube Iencitn ooes not affect :ne mragnificarion as in a conventional microscope. An A-0
:crcsta wroua ec: sc~ith 10X oculars. Thshead has a Teie-,ens vvn'ch ma1Kes the nead eduiva~ent to 3 teiescooe witln

;2--rnateiv 7X oov.-er.

t o'r the datum scale clhannei, a 20X objective was chosen resulting in a 200 p)ower -racni-ificatfon. There is a neam-sni'tter apove the
,oiect:ve .%hicri serves to ;ntroouce iliumination to the datum scale. Furtn.er aiong the optical pat i s a cuoe-type beam-spittter whicn
cormoines trtis opticai path with tnat from the CCO focal plane. The remaining path -s a series of -nirror folds that permrit the A-0 heao to7
:.e mourted at a location convenient for the operator.

e CCC microscope channel reqsuired a different design. S~nce the beam-snarer yes one inch thick, a long working distance objective
:s ecessary -n conlunction with a high system maqinif ication. A furthner requirement is that the numerical aperture of the oblectlve must

oe ,;q-i erouqrt to oreserve resolution. The objective chosen for this channel combined a 50mm F 2 microfilm lens with a custom
teonaanat 0 corrector ens.

a--tccorrector vaes -lace of a low index. low disciersion glass ano was clesigned to correct the aperratidnls assc~ated Witn the
-n e 'on- t- -7 ZK %7 h-ear -srarer p r ima ri iy sph ericali, coma and io ngitu i nali co idri as we! l as residualI aberrat io ns of tne m icrofilens.
S u z eme ntza m agn i flCason va s prov idced by means of the 8 X 32 mo nocuilar telIescope adj usted f or i nfin ity focus.

The 3verail magnlficaton *n the CCO channel is about 280 which is higher than that of the datum scale channel. This difference in
-maq.ch t on posed no orcoterr n alignment. Focus on the datum scale is accomplished by moving the entire microscope assembly on
a iert'cai side to vhicn the assembly is mounted. Once focus is achieved, the assembly is locked in place. An independent focus control
was orovidedi for tile CCD cnanrel olectse with sufficient range to focus on the ref lective,'transmissive boundary anywhere in the prism.
The focus motion uniformity and perpienoicularity was held within 1 micrometer for the 35 millimeter focusing range. This accuracy was
-ed. red to position the edge of the first CCD being mounted under thle beam-sharer's middle reflective transmissive boundary as outlined
n tne ioca diane assemoy procedure.

Mechanical 'eatures of the alignment apparatus

h-e tarie Ahichi niods the line mot-or. mechanisms, datum scale and beam-snarer mrountng piate ;s itself mounted tothe platform of
3i orecsion, grihoinci machine. This platform provides gross motion in X and Y coordinates such that orthogonality and planarity are within
0 002" in 12". The dual field compoarison microscope is mounted onl the vert;cai slide in piace of the normal grinding spinole. Thus, micro-
scope ocus ;s acccopijshe ;n -re Z coor dinate with similar orthogonality. An Indexed mounting plate onl the tadle surface contains posi-

nioce and, holtn cia3mos for noth the datum scale and beam-sharer. Eccentric Cams are crovideu to adjust the diatumn scale into
:.ara: e- sm vitm the beam-snarer. Once the reiationshio) of the datum scale to the tpeam-snarer is achieved. it remains tixed throughout the

nrren an -sebly oroceaure 'see Fioures 6 and 7).

7- ceam-siarer desian Pquires CCDs modunted in orthogonal planes. Because of tws. duolicate tine motion mecriah'sr- were provided.
-' ,ec-nhsm thatz mounts wre transmission" CCID alows fine motion in the X. Y andc -1 coordinates as defined in F-qiure 6. In addition

a t-csteo oiunqe motion s :aro~ioted along the vertical IZ) axis. This permits -oaoina the CC5 underneath the -ndex;nc plate 3rhO then aiung-
] 7e C29 pw:.,arcs to -vitnin a few thousandths of an inch of the beam-snare,, After Preli minary alignment, the -CDC s carefully moved

--'no Et7.nc-- oaclec contact ,,ith the neamn-snarer face and final alignment is made. The mechanism that mounts -ne 'refti~on" CCO pro-
,,as --- notion in X. Z and :- corcinates vith a simrilar piunce action in the V axis.

-~ ot-cr in tne X, Y and Z axes is controlled by a differential screw. nor earh axis. Fine anoular mrotion -n t-re en axes is
tD (;e(- nv -anoae-' scre,.s onera,:nin icout we- Z and Y axes esoectiveiv. The verT ca! !Z) axis is nor'-ai to tne t.ransmissio" Output face

-a'nie weV x~s s -orina to tre efiectioh output 'ace. '.1otion of the -?spective CCDs n thie Z or Y rirectzions -the
u", c n re,' rrc to) anove ,. ;e-orr-ed ny a retractable olunqer,.*vahich Crovides sorna idadirq to hod tle CCD acairst -e Peam-
Su-.c - CCD r-,chr s -ou-teo 7 a ctual ndline ceramic ,eacler s ctamped *a tripeno of zwe oiunge sramT n, reans of a special

- :31 : 3 -In'c nrL;rotc-es. his ctate -s -emnporariilv attached to the case or -t'e -eader -vitn EK911O ana -s remroveo ater assemnbovi

........ ~ti-:-:-ocer-' accurac-.cf.P~ ae0a, cm .- -e
1: 1 21ht

5Ztcs;htrh!tt .ter--t awcat On of,? ae jr.. -Sheassmi-. -- e p -n 'Ii c, ~ S-ttt

t''e sudlpct "ajca-; aneiac
-. t or -,3r -v

-is- on' a straict- i -2C -3et r :-- -.c-_3 -~

t-2 e a_

-I lis -an -- ' -. -
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Fiaure 6. Front view of ahtqnment macnine.
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7 qrecr;so Coolanart'/ oi t,-.e CCD s acnieveo bv the use of a special ceramic heacer to vincr tne COD die is attachiec. Ficure 10
3h'. cross sect on o4 tre oacKage. D urng wne faorication process. tMe Oneaoer :s subjected to hign temperatures. s. *.rrtrC tne ceramic

,erg .-'U :),azinq Of t-'e pins ano: moi/ooenum oase. Once these operations have peen completed. the bottom surface of the moivocenumn
:6se S ;rounc *ozt anto c araiiei to the uooer surTace or the rnoiybdcenurn base which is the ate attacr area. The too surface or the ceramic

'r3c. ame s then. irouna fiat ana oarailef to ',MP botom surface of the motlocenurn oase, it is thiis ceramic wvncow 'rame surfIace
t'ct :)ar Ks 3Canmst :re outout face of the oeam-snarer thnus, determining the COD location re!ative tothe beam-sharer i surface. The co-
oanar tV 3C'ieveG s :2 micrometers.

MOUNTING
SURFACE

-4--- TRANSNMISSION 11 TO 7 --

R EFLEC7lON MOLYBDENUM I

BASE

3, . er ju of ':0-ical rarks from 2 CODs. PFoure 10. COD ieacer.

.A:~t~scare .%as -,recarea. as snovir. 'n Ftcure 11, .vn~cfl s~r\Cs as a n.-ster -eerence -or thIe 'l il ricrcscone. The COD
ai nec c Its m-aster eference to ,eea the CCOs in, a 5-traicrt ine. 7-e .ota! error --andt achieved 'or 'ne -1 ~i orc
ar s -,cr3 eters.

o 0 ang assemni~l nroregure

-m- ha3 r acanso the ocath no loc~s 3rd ca-oso n ),ace on Incr10Cxeo mnount c*- a as s-oc-. n r :.'r --- e
I's- is've e~ ormfiaiv centerec over tr e access 3certrres in t,-e noexec 7as :,, nsures acec _ate ran-a ,-e n -o: o

-I--z-- o-mna! COD Dos ton. 7f-e a5sse-i, rce(ture is outrneo re-cc.

* -- -T'- -P - C Oscz!e o ;i~tc .CL5-.1 -e ~t'n3 Ct. -- rin-3 . "O r
20,I0~thth :cr'5:cl th- '05u' ca S .50 lcl-c it2'.3 s -3,O -e &j - -

3 i ~3~ Z.
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Cererting 're CC~s to 'he peam-snarer

Afitte nt;31 coarse cos;tioning of the first or any SUoSeouent CCD, the indexed mounting plate with oeam-snarer is moved out of the
,.~. CZ) s emovio *om its clamping holder ano an ultraviolet curing, polystyrene adhesive is applied to the ceramic winciow frame
3rEa. -l-e CCOD s eo'acea in ,'ie holder arid tne indexec plate is returned to its alignment position. The fine alignment of the CCD is then
c-miar d hoougtine gross motion platform is used to move the entire assembly tabie out from under tne microscope. Ultraviolet

.umriatdf. .s n~er aoptiea norder to cure the adhesive.

4i qnrn e tof !ne CCDs .
Eacn suoseduent CCO is tnien aliqned to a previous CCD aireacv cemented to the beam-sharer using the adjacent overlapped ficucial

mariks as snown in Figure 9. "he fiduciai at the other end of thie CCO is then aligned to the datum scale reference lines to control
paraileiism.-

The :)iacement of the other CCDs proceeds outward in either direction from the center in order to split the total accumulated error over
:-,e entire array assembly.

-?emo~ai reolacement of 3 CCD

-i "e event 17at it should be required, a removal tecnndcue nas peen develooe which, sinoiv Involves clamoing a siicon rubber dam
3rourc :,le darticuiar cevice and filling it with a solvent. This tecrnloue nas been demonstrated for :n1e orotoType out nas not yet been j
-2.rsrc .n oractice.

Conclusion

Figure 2 snows the first orototype beam-snarer locai olane assernoly with six 1024 X 64 TDI CCOs. The effective focal olane is 61-4
dixe's ong 3~t 4 intecratcons. All of the design goais for alignment accuracy were met or exceede in thie prototype and subseouent
assemblies. The actual svstem operation of the focal plane nas been fully cniaracterizeo.

Several acvanta~e are realized with the beam-sharer focal plane assembly. They are:

1 .an ootical erficlency,
'. -3 CO.0s are dre-dc~aqed and can be fullv characterized before application,

I. T-P 'oca! oizne asseroci s reczairabie since any CCD can oe removed and repiaced,
-4, Sucin i ioia diarp car. oe -rade to include a large number cf CODs.

Te siqn of --e aliinmert -macnine anticidateo the neea for !onger focal Planes in the 'uture 3rd the red-i cacity Vas built in. L
-i 'sur -'as :jroven to oc :luite fiexible. !n recent monis it wvas used to assembie non-orthooonal, beamn-soiitter focai pianes. several of

Arncr ave iow peen comnoicted -Nvith eduivalent alignment accuracies.

F'~i~W-
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LOW-CONTRAST IMAGING

Ralph H. Wight
Tecnical Director

Imaging Systems Division
Fairchild Camera & Instrument Corp.

Abstract

The evolution of electro-octical sensors has caused a quiet revolution in the imaging of low-contrast objects. In a practical sense,
even tne term "low-contrast' has required redefinition, since contrast ratios such as 1.6: 1, which was the official "low-contrast'" for
onotograohic systems, no longer qualify as "low" for electro-optical systems which, by means of precise D.C. level background subtrac-
tion, can operate in the domain of contrast ratios around 1.01: 1 and below. Since a contrast ratio such as 1.01: 1 is below the contrast
resolution threshold of the eye, the invisible can literally be made visible. This paper reports upon some of the fundamental constraints
Piaced by nature on the development of such low-contrast imaging systems. It further describes the evolution of the specifications for an
acvanced technology Time Delay and Integration (TDI type of area imagery Charge Coupled Device (CCD) which is being developed to
-neet present 3no future needs for this type of electro-optical sensor system.

Introduction

The goal of ceing able to thwart the natural conditions which limit the usefulness of both vision and photography in extracting in-
formation from scenes of vanishingly low apparent object contrast has been pursued with only limited success for many years. The use of
short wavelength cut-off filters, for example, combined with the long wavelength end extension of photographic film sensitivity has
helped to penetrate the veil in cases where contrast has been reduced by wavelength dependent IRayleigh and Mie) scattering. The intro-
duction of infrared sensitive emulsions carried this photographic approach about as far as it could go.

Other types of imaging systems operating both in the visible and near-infrared portions of the spectrum (classified as electro-optic31
imaging systems in this paperi and relatively long wavelength infrared (FLI R) sensor systems have been developed which can detect,
quantify and dispiay significantly lower "contrasts" than those possible with conventional "photography." The common properties of
these systems which allow them to perform at low contrast include wide dynamic range and a high level of linearity. These properties in
turn allow for subtraction of an absolute D.C. background level; effectively A.C. coupling carried to an ultimate extent.

It ,s not our intention to discuss F LI R systems at any length here. It is interesting to note in passing, however, that a hypothetical
infrared system that can "resolve" (at or near its geometrical limit of detector resolution) a rather modest "least resolvable temperature
Jifference' of 02°Ca~ainst a background of 300°K. for example, is in a very general way essentially resolving an image with a "con-
trast 1at!o" Of or 1.003:1 - a rather respectable goal for a visible spectrum electro-optical imager. Extrapolation from this ex-
amole may oe used in Dart to forecast the future of visible spectrum low-contrast imaging.

As vill oe developed subsequently, another key to successful low contrast imaging involves the required collection of sufficient
q-uanta so that the statistical "noise-in-signal" can be overcome.

i' one considers a linear multi-eiement photosensor used to scan a scene in such examples as Panoramic or strip mode cameras operat-
r'q rom an 3irnorne Piatform, it can be shown that the exposure times needed to produce the number of signal electrons required for a
_se'u s~qnai to noise quickly Places limits on focal length, aperture, field of view. and ground resolution. The oroOlem is similar to the

- rn- cosed .n tne case of a ohotograohic camera forced to operate with an extremely narrow exposure slit. Perhaps not too surprisingly,
-p jrs,,ve.r 'es .n tne same direction which would be inoicated for the film camera. Namely, "open up the slit width." In order to ac-

i-rc -s ,ls eectroncaily, a new type of sensor chip is desired - one in which image motion and the signal electron generation process
-3- : e -sser a-t , snataily svncnronized, lust as image and film motions are synchronized in a film camera. Such sensor chios nave been
- :uced 3.raadv, and are undergoing continuing deveiopment for low contrast imaging apDlications. The ruamentarv princoles of their
',eat on ard 'ne d evelooment of specification goals for a sensor of this type are presented subsequently.

* .Long Range Sensing

" 'e ,2" " e "-st crotable applications 'or low contrast maqina systems is in airborne reconnaissance ,.ere the nroole' is ore of
r:. - " e nformation over long slant ranqes wnen atrnusoner decradation nas reduced ,he aoarent octect contr3St 3va!aoIs ati "-.: -,';r: . .,J D,l ) t,.e syste.m to a very :ow value. it is the or~jec- of thle electro-optical low rontr--s- :rmaq~r s,,stem to ".rd rSL. '

tScn e!ectro oticat hign resolution image sensing at long slant ranges through the atmosornere s encumbered by all of the c:ass;c
'cc'i's oi pnotograunc aerial reconnaissance such as the venicle stability, the necessity of thermal environmental control. vibration

-,,on -3e motion compensation, etc. Some electro-ootic sensors :among them oein charge couoted devices or CCD'sl are aisp
" cs'ess.d -,f tre a i!1t' to subtract a bacKground level from a comoination of bacKground plus signal. vnlc :)ermits them to extrac:

-- e, je-ce Irom scenes in vnch the contrast level falls much helow tne limit of detectaiilitv for conventional photoorapoc systems
-"suits ;rom jt i,z,ng such subtraction techniques appear spectacular, there s no m3ic. F~-anctomrn svstems -ust o'e-v funa

..... r , C.,c~ Drlncpies. Since resolution. contrast rendition coverage, and tar-width :cnsi-.e-ansor 'i ,.-sse" s 'c frs-.qo, or
" r" e Jcne' .m.3tal all. in a sense. "comDete" 'or svstem's atteit:on. t 'e ;ona n mace sens,:.ra s .- ern to 'e one o

I -" e '-rot e*':cat'GuS cOpromiSe 3mong these seeral '3Ctors.
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-noam-nT3I Dqrrormance L.mitations

, ter ,tnts 'ue!,rig eaua. ',ni soatial resolutiorn. neasurea most conveniently in mnicro-racians Der line Pair. avaliaoie from an
*le DtdatCJ1 System will be Oeterminea lunoamentaliv by thie diffraction aderture of the ot~cat system emoloyed. Also, the amount OT

1tt:14. o tray 2ia zoiiecteo 'n 3 given c xuasure time f-om an Object of solecified angular suotense will te determined solely cy tne dia-

- ve tne ecevirg aperture. Th1us. vnie 4ocai !enqtri may be scaled to accommodate a variety of sensors or aetector element sizes. it-
--is!e aPerture dIlameter ilone ,v~ncontrols both the ootential response as a function of spatial freauency 'n the object scace :

i:cro-rao,ans .,e nai r, ano the amount ot energy coilectabie from an object of prescribed angular dimensions in that obtect space. It :S
-asv 'or zonruSion to arise aOout tnis point, and most important that it be disceiled early-on -n any system parametric design. Considiera
liven circular "if'racnlon aperture A. For ;nconerent radiation of a fixed spectral bandwidth the resoonse of the aperture as a function of,,esolution ' soatlai *reauencyl in the object soace (conveniently measured in micro-radians oer line pair) is constant regaroless of the
icc3i eriati- and resulting F Numoer. As a further example, let us examine two cotical systems both of aperture A. the first Operating at

-2'.tn a sensor comoioseo of 2 1am square detector elements and the second working at F,40 witn 40 gm square detector elements. For
3 .vnutomCletalpoarent brigntness ievei the image illumnination levels will vary by a factor of fact1. ovrsic the largerbe-

-etcto elmens nve 00 ime th ara o thir maler ounerprts alall ngsthings ual abeing nmdequaloo -ancroequal b
ereate ce -- recor e! n itnr cse.Als. n astrp o paoraicscan mode, the same angular image motion rate will result in the

iam ratl '%ve n-ne fr ttnr eteto, aai reulinhotoqal -electron generation. thofthee acors limita-n imta
:on rc jnrcilc,;rt oi~tviarge fo us ofTne arestperissolecollective aperture.

' e ei teolution whicn Can be achieved with a given overall system, in addition to Depending upon the limits set oy te OOtCal3
loetur. s r Da* etermined by the sensor characteristics. urncompensated image motions. and the level of correction of the optical sys-
ter aswel a byhedegradation caused by vibration and the thermal environment. In addition, resolution is. of course, seen to be in-

exric3bly intertwined wvith scene cor'traST.

,ace over oractical 'isrn based ohotograonic systems in that, !because of their large dynamic range and high linearity, it it possible to

1!,ectronicailv suotract a uniform background ;evel from the overall signal -plus-background. leaving the signal standing alone for sub-
secuent amciflication and Display.

An, -ierent assumption in the establishment of feasibility of such a background subtraction scheme is that scattering media attenu-
Ite ".otn ran and low soaval frequencies in at least nearly thle same way and to approximatelv the same dearee. The idea here is that thie.
.s-ect of :he scatter'ng mrednium is to generally lower the response function curve all over rather than to lower tt selectively at high fre-~er.'e. T-s irs siuaton s roreentd b cuvesA' A, -tc. in Figure 1, while the second is snown 3S curve B. The fact that

.e zossurred condition is the more nearly true one has been demonstrated in many instances both for underwater exoteriments I Ref. 11
ja t 'tne attnosorere. The latter situation is probabiy best described by Middleton in his classic text Vision Throuon The Atmos- -

o r e f. 2) fromi Nnich the foilowing brief quotation seems appropriate. 'The 'ground giass effect' seems to be founded on oooular
.:'.s ojat nroualht rome to trie author a few ',ears ago when ne saw a newspaper illustration snowing a military exercise in the use

' SMice corcealmrent, Some men were shown at various distances in the smoke. Those nearby aocearedc in snarp outline, but fainter
ofOu'~50 trose a little further away seemed diffuse. The author was enough Of a sceotic to Call the office of the newspaper and asK

* c 2CCe vi,- Oritinai orint. wnitch was duly removed from tre file. and oroved to have been retoucneO, aroundc the Outlines of thle more d's-
ta! urqs to "'a~e them look more natural.' Was ever a ohotograoher more suspicious of stne veracty of nits camera? it goes vitriout

iavi', t".at -xistence of any ohenomenon so generally accepted cannot be denied without a good oeai of evidence."

:- :''oroace exoerience wnicni also illustrates the fact that high frecuencies are trzinsmitted through scattering media is that of
.1.'1i',1 tne sun or "'loon tnrougn haze or fog. if the Oblect is definacie at all, its edges are usually sharo -containing high spatial Ire-
.. ?r'cest ar'o riot s;ofteried" in outline by the intervening scattering atmosphere. While the scattering medium vill transmit both hign
5,tc o,.w spatial 4reouencies. it will do so at sometimes drasticaily reduced contrast so that tre e',e, or conventional electro-ooticali svs-
'-s out te -2nacit to extract sitnificant detail from sthe viewed scene. By utilizing *lhe Overall signtal-oius taci~oroun. -t is Possiol

tzsoes~aftoify the signal so tnat the here-tooe !nvsibie scene is maoe visible.

-. '4tvoC. ust as tt-e 4;;fraction aperture places an :mpossible-to exceed limit on. the resolution caoaoiltes of an electro-octical sy.s
,s.cal ori-c Dies aito orescrioe the ower 'mit oi contrast wnicn can oe oerceiJea liven 'v'th oer'ec' suotractzon. Thle ar~it/ to 0o

)ac! croano su otracsvon denends, in a oract~cal sense. uoon the eiement to elemrent unifor-.is' o! t"e tensors coupled with, t~e
* ~ ~ ::.'tndilduali, c~rceieand caiibrate t"en. It also diecenas on the uniformity o- thie cack'lrounr tseif on a ),cture-eietren't I

.... ..- . . e ss. -- cdues for -mi crarroed coupled d-evice tensor elemrents un' ~or'. and( 'or c;alibrsirnq tle'. nave ce
r": 3,,c ir o v try But '!rs, zat is Cox at t',e Mroniemns associated w.~n thne .unforn'it of tite acKa1-our.d ard ow *t5

-7" *orrtt~ i-ention.

joo'etectcr jno de~e'ate orotc..ect-ors *nit coirt -1 t"le -3C.,)- _'563l 5u, >np!St 'tS Ts
em Dasslace . - r itrCtra3 'urOSes. me Ur'Certa'tv 3sSjcalr- ' irr var' . n

7:r, "'n it considered ri te-s ot s P :issor distzrituticn so tnit -~e nc'ait.' 3, Da'? re' 'S*"*'~" 'C0t
* . .' - " -aoc:,ms aenerated. 7-s th-en constitutes rle snot no'0S- of t-e syVste %)~t'2Od't ~ l ~

M11r)i ass or swstemn undier ivestiqwtaon '-e .vor,, redortea ov Scitace ;ei. 2 -Z n ac-n. etc.
asE '- v OUd ne 1'c7srat n a near1 Sensor array 'tr -O o' tiandramtd izar-ea ti e i 'i0 'o---t ,

se 3rlets to te qeso-vec 50 nerceqt o; -~e time. ; 3.6- 1 et.-wee". -m,"C 3 ind .5 ;:;ie s-ce I:-
I,,,SOn vl v i sc' n,, 3ucn i t o oa ol s *ri oar tardet as a iso,ul'rni'l'' t ~ t-

Dntrc~, tn ca, m .tr" t iSte'hne tOrpe!C 11u!he t", >-1

'-''' ~ ~ 0 ', n r r,~..~~ T 3,i-! : c,-tc[:ace of -: ariprei .,e't'a' ."-.r< t,-tt" ,"
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Getting Enough E ectrons

7;-e aJtv to colect surfic~ent electrons in small enough detector sites to provide optimum resoiutiOn lies at the heart of the overall
resolution anc contrast-rendition long range image sensing proLem.

Lintortunatel,, under many of the real-world conditions addressed by the reconnaissance community, there simply doesn't begin to
;e enouqn .qrt to wuifill tne quanta requirements of eq. (2) for low contrast imaging, if one uses a linear imager (a line of photo detectorsi
ino needs to orovide a combination of useful field of view, resolution and electronic bandwidth. Solution to the system problem re-
iolves simolv around being able to ootain sufficient exposure at each photosite without unacceptaple sacrifice of system operational
:iarameters.

The T.D.I. Concept

To circumvent the exposure problems inherent in linear imaging sensors, the Time Delay and Integration (T.D.I.) mode of image sen-
sor Was conceived and developed. In a way, this type of sensor can be visualized as the electronic analogue of the exposure slit in a strip
or oanoramic mode of film camera. In the latter, an image moves accross the exposure slit. In strip cameras and some (moving film)
2anoramic cameras, the film is moved in synchronism with the image motion. Thus, the exposure slit can be as wide as the uncorrected
mot;ons of the vehicle and the degree of image and film motion synchronizer will pern-;t. By this means high levels of exposure can be

ou-:t uo as needed.

:or a description of our electronic analogue, reference is made to Figure 3. In this highly simplified diagram of a T.D.!. sensor chip,
the architecture is composed of a series of columns (A, B, C etc) and rows (1, 2, 3 etc), Each row corresponds to a single photosensor in
a inear imager. As the image crosses the sensor parallel to the rows. the photo-signal generated in each pnotosite is moved in synchronism
with the image motion into the next photosite in the row where it is added to the charge generated there and subsequently moved on to
the next onotosite in the row. etc. until the summed signal is finally collected in a summation column which can in turn be read out as a
snift register lust as if it were a single linear sensor.
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Figure 4. A comparison of two exposure integrating systems

System's Influence on Sensor Chip Design

7 'e Most formidable imoact of row contrast imaging system requirements uCOn sensor design is. of course, the fact that exoosures
3oeauate for the development of the needed signal levels has necessitated the use of the TD I type of sensor. Beyond this however, con-

0 sideraole sensor chip design detail is dictated by general low-contrast imaging system performance requirements.

Fi;rst, :n order to operate in the scene brightness and contrast domain of interest. t is necessary that each photosite loixei) oe caoaolie
of ieveioocing a charge of about one million elen trons. Since this value aiso forms a reasonable attainable saturation chiarge ior a sensor

* crio. 3il would apoear weil insofar as ooerating with the number of integrations (columns in Figure 3) necessary to accumulate the desired
criarge. However, the perversity of nature oresents us wvith not one, but a wide range of -ilumination ievels, It is therefore evident that

*one of the first features that our low-contrast imaging sensor must have is a variable numoer of integrations so that scene highlights can be
-naintained at just below sensor saturation. This will give the largest signal (best S %I oossible consistent with scene brightness.

Since subtraction of background (D.C.) from signal -plus-background is an ir'tegral Dart of -he low-contrast imaging process, account-
mi or 3nv sensor signature must be made to a very high level of accuracy. This maKes it Cesireaoie - 'n 4act oractically mandatory - that

se~sor signature due to variations in phiotosensor element area, responsivitv, soectral ,resoonse. and darK current be minimized oeviond the
'orriinarv- variations in tnese variables.

* ~~ose tvoes of requirements described above have led to the evolution of a Sensor Chio Chiaracteristic Soeci'ication Goal for a -~l

':ioe of sensor applicable to low-contrast imaging systems. A summary of those characteristics is oresented in Foure 5.

-.12.1 X 64 Ierreft arrav vith itearatior steos
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Sum marv

'~e "ave snown the onysicai basis wnicn call for 'arge numbers of electrons to be generated in order to make ossiole low-contrast
-2ectro*.oottcai mraginq. .Ve nave aiso aescribea the orincioles of operation and the specified characteristics for a new type af sensor cnfp
soec:ficai~v 'renaed for LOW-contrast mag:ng aplications.

Mt uch 'emains to be oiscussed watn respect to the methodology of system development, including the "hows and whys" of such
aspects or the systems problem as what portion of the "background" to remove, what background unduiations should be subtractea. etc.
t :s hoped hat these questions can be the subject of future communications.

It is safe to state, in any event, that the ongoing developments discussed nere will further our ability to penetrate the invisibility cur-
tain imposed ov the nature or very iow contrast scenes.
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The TDI Image Sensor For The LOREORS Camera

R. H. Dyck
Fairchild MOS/CCD,
Palo Alto, CA 94304

Abstract The TOI Concept and the Effect of Velocity ErrorIn order for a TOI column of sensor ele- "
The design and operation of a 1024X64 element, In o

time delay and integration (TDI) image sensor will ments and delay elements to function to maximum
be described. This image sensor array has been advantage, the image velocity must be constant and
designed for minimum cell size consistant with a equal to the shift velocity of the delaying struc-
requirement for high signal-to-noise ratio, namely, ture. In practice this condition is never exactly
a goal of 60dB near saturation. Since an inherent met; there will always be small differences in
noise is the charge packet shot noise, the size of speedand direction, as well as changes in these
each charge packet near saturation must be at least parameters. Figure 2 shows how MTF performance
10 electrons. This has been realized using a degrades as the difference in velocity increases.

20X20um element, a four-phase CCD configuration in In this figure, fN is the Nyquist spatial frequen-
the parallel array registers, and buried channel cy, i.e., the highest resolvable frequency for the
CCO technology thriugnout the array. With four- array, and N is the number of stages of integra-
phase buried channel CCD technology it was possible tion. From this figure it can be seen for example,to achieve a charge handling density of close to that if the velocities track to + 1% and N = 50,
IOc elecarons/cm hand also have the capability the degradation is less than 13%"over the full

of edli ernscmad aevlsof h gnave caabiliy spatial frequency range. In this analysis the
of handling very small levels of signal charge individual (square) element is assumed to have*without need for a fat zero as would be necessary uniform response across its entire 2Oum length and
with a surface channel device. The active length to bei ontinuous enthe LOER imae
of the array is 20.48mm (0.806"). Other features to be moving continuously. In the LOREORS imageof te arayis 0.48rmi(0.06'. Oter eatres sensor, the first condition is met but the second
of the device are also described, including elect- is not; the discontinuous nature of the motion is
ronic exposure control. Full device performance is cribed iex t n
has been achieved on initial sample parts; a cum- described next.
ulative charge transfer inefficiency in each direc- The motion of the Charge Collection Site
tion of < 0.1 was achieved. Each moving cnarge collection site within

a CCD TDI column is defined at its front and back
Introduction edges by the position of the crest of the poten-

The Long Range Electro-Optical Reconnaissance tial barrier for electrons, since that is what
System (LOREORS) is an electronic camera system dictates whether a particular photoelectron will
wnich incorporates an in-line array of line-scan drift to one potential well or to the adjacent
C"D image sensors. Each of these image sensors is one. The LOREORS image sensor employs a 4-phase
a monolithic integrated circuit (chip) with a reso- TDI register. The 4-phase clocking can shift
lution capability of 1024 elements. By making each these potential barrier crests either 4 or 8 times
of these elements a time-delay-and-integration (TDI) per cycle, depending on the specific clock timing.
column with 64 stages of integration, each image Figure 3 shows the clocking method which produces
sensor becomes a 1024X64 element array. The result- 8 shifts per cycle; the clocking is defined in the
ing sensitivity is 64 times that of a simple line- figure by which phases are low at any time. The
scan image sensor with square elements of equal figure also shows the time-averaged response pro-
size. This paper describes the design of the device file of the moving site. The loss of MTF at the
and presents some early performance results. Nyquist frequency for 4 moves per cycle is 2.6%
Confiouration of the Imaoe Sensors in the Camera relative to continuous motion (Ref. 1); for 8

In order to obtain a continuous line-scan image moves per cycle the loss is 0.6%. Thus, the
MTF curves in Figure 2 are accurate to 0.6% orfrom a set of more than one image sensor chip, it is better including the effect of TDI motion.

necessary to have some method of mechanically or
opticaily butting the chips together. In the Description of the Tmace Sensor
LORECRS camera a prism beam-sharer is used to form A block diagram of the image sensor is
two imace p!anes such that optically adjacent chips shown in Figure 4. It shows the sensor array it-
can be located in different image planes. This self, the bi-directional out-ut register and the
system produces no loss of imagery at the butts two equivalent preamolifiers. The unit cell of
whatsoever. The configuration is shown schematical- the sensor array has a saturation charge level of
ly in Figure 1. As can be seen from this figure. slightly over 10' electrons. This provides a
the nature of the TDI sensor is such that if one shot-noise-limited signal to noise ratio (SNR) of
desires to scan the output registers of the devices approximately 1000:1 near saturation. In an ad-
all in the sarre direction in the assembled system vanced system like LOREORS, where corrections can
it is necessary to have both right-handed and left- be made for array nonunifor-nities, this high-
handed devices since the basic TDI device does not light SNR sets the l4mit to low-contrast imaae
have inversion symmetry. The device described here detectability. This saturation charce is achieved
can be ooerated either as a right-hanoed or a left- with a burled channel 4-pmase CC2 design provided
handed -evice. the clock waveforms have at least two phases hign

UNCLASSIFIED
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at all times. The 20um element size is aoproxi- An Imaaino Test That Does Not Require 0-ecVsicn
mately minimum for a 10' electron capacity unless Imaae 'iction
the basic CCD/MOS process is substantially modified This image sensor has been evaluated witn -
or clock voltages swings in excess of approximately the use of a flash illuminator. In toiis test -ht .
10 volts are used. However, the latter is unde- (TDI) 4-pnase clocks are operated continucusly
sireable because of the increased dark current that just as they would be in a TDI camera, and the
results at defect.sites. illuminator is flashed once eve.y 64 or more line-

Exposure control (EC) gates are located such scan periods. The device is illuminated directly
that the number of TDi integrations can be adjust- (without any optics), producing an image of the
ea from 64 to 32. 16, 8, 4 or 1. By appropriate nonuniformity pattern of the array in two dimens-
use of these gates the saturation charge level can ions. Such an image is shown in Figure 7. The
be kept near 10' electrons over a wide scene-to- 16:1 aspect ratio of the image sensor has been
scene dynamic range, thus providing a high SNR altered slightly at the display to better show tme
over this dynamic range. These gates operate by details. This picture was taken at close to 106

biasing any one of them to ground while all the electrons/pixel; the total gray scale of the pic-
other 4-phase gates and EC gates are operating to- ture covers a contrast range of approximately 5%.
gether as one 4-phase system between two positive Thus, there are features visible here that are of
voltages, e.g., between 2 and 10 volts. Thus, in the order of I% in contrast; consistant with de-
part of the array electrons are clocked forward and sign calculations, high frequency temperal noise
in the other part they diffuse backward in saturat- does not appear in the contrast range. (Line-to-
ed, forward-clocking registers. line temperal noise seen in this picture is kTC

Another feature of this device is a special noise which may be avoided by line-clamping.) The
optical layer-thickness design which optimizes the only clearly discernable dark signal features are
broad-band response in the spectral range 500-900nm two vertical white lines on the right; these are
for the case of 50000 K blackbody illumination 2% contrast features.
(Ref. 2). Spectra for the full optical design (with
silicon nitride both above and below the polysilicon TDI-Mode Response Uniformity and Dark Sional
gates) and for a simplified version of it, taken on Uniformity
a developmental image sensor, are shown in Figure 5. Since the TDI-mode uses each sensor column
These spectra correspond to broadband responsivi- as a single element, spatially-small nonuniform-
ties, for the above illumination conditions, of 135 ties in both the response and the dark current
and l0SmA/W, respectively. These values represent are averaged over each column. Thus, the major
improvements over a typical previous device of 20 nonuniformities in a TDI-mode image are typically
and 50., respectively. due to long-range shading effects and to very

The bi-directional output register has been large dark current "spikes". Figure 8 shows a
designed so that only one transport clock is re- photoresponse scan which is seen to be uniform to
quired. The circuit diagram in Figure 6 shows the approximately + 3% over the length of the device,
four re uired drive terminals for this register. with local uniformity being much better.
The terminal codes indicate how these are inter- The two dark current "spikes" causing the 2%
connected to operate the device in one direction or contrast lines in Figure 7 are actually caused by
the other; for example, terminal "VHR/VHL" is to be square elements with dark currents of over 20
tied to OH for right-hand operation and to VH for times the background. In the TDI-mode the dark
left. (OH denotes the transport clock.) signal output for these TDI-columns was less than

The preamplifiers may be described as resett- twice that of the background.
able floating gate amplifiers; they are shown in Conclusion
Figure 6. This very simple amplifier circuit was - K024X64 element TDI image sensor with sev-
chosen in order to obtain a high degree of stability eral special features has been described, and low
and linearity as well as low noise. When the float- contrast non-TDI-mooe imaging has been reported.
ing gate potential is reset once each line period, co d e
the only high-frequency clock coupling is due to Acknowledoments
the transport clock. By optimizing the value of the The oeveiopment of this image sensor was func-
load resistor for the particular operating frequency ed by the Fairchild Imaging Systems Division as an
and the particular following stage characteristics IR&D item. The sensors are being used on the
it is anticipated to achieve a minimum noise equiv- Air Force LORECRS program, Contract #F33615-76-C-
alent input signal (NES) for a variety of operating 128z.
conditions. The NES at I Msps is less than 200 References
electrons/pixel on first sample devices but how much I) 7. -. Barbe, "Time Delay and intearation
less has yet to be determined. At a signal level of Image Sensors", in Solid State Imaoing, eds.
SXIO s electrons/pixel this preamp noise decreases P. G. Jesoers., F. van de Wiele, ano M. H. White,
the device SNR by less than 4%. Noordhoff, Leyden, 1976, pp. 659-71.

KTF as a function of wavelength at the Nypuist 2) q. H. Dyck and R. Wioht, "A Hich 'uantu "
freouency has been estimated by measurement and is Efficiency, Front-Side Iluminated CCD Area imace
typically > 60% for wavelengths less than 70Onm, Sensor", SP:E Vol. 166 Solid State Imaging Cevices,
4c, at EbOnm and 20% at 900nm. For the case of 1977, pp.-7T 22.
an"iltered 50000 K illumination the KTF is typically
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FIG. 6 CIRCJIT DIAGRAM OF THE 1024X64-ELEMENT
IMAGE SENSOR

FIG. 7 SELF-IMAGE OF THE 1024X64-ELEMENT IMAGE SENSOR
TAKEN AT HIGH GAIN (SEE TEX7)

F!G. 8 TDI-MODE PHOTOPESPONSE UNI11CRIAITY 7O HE
SAME DEVICE AND CON3ITCGNS OF Z'S. 7
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APPENDIX B

AIRCRAFT WINDOW THERMAL SHOCK

_n an,. I of aircra t window thermal effects was undertaken

to deter-nine wether raid vehicle descent would cause excessive

f rces with racid temperature and pressure changes.

..r..s meonoos 'or toe maintenance of uniform temreracure cradients,

ncross the internal window surface, were also investigated. It was

-nti:iated that an ocerational restriction might be required to

imit the max:<mum allowable ai--craft descent rate below altitudes

, 0,090 feet to crotect the window.

s were made of various aerodvnamicists and thermal experts

.... acr-.ai whether the thermal shock problem had been oreviously

-na7v-ed. :t was found that these experts used contradictor"

ions and generally disagreed on the solution to this croblem.
7-' r- re' zhe task of Thvsicallv develooinc a realistic model and

s-'_- . apororiate mathematical technicue were addressed.

"_ method for calculating the window thermal stress was

-,-vie d. As a result of the initial calculaticns the follownc

.... ... er obta ned:

Desc:ent Time Maximum -enS4e boor Surface
-r -45'F to 5 Air Stress Conditicn

n ',!in 2 s 22C0 S: F -2r !

n u: e s -1300 PS 7

-" ' ......... 1600 l 5 i'"

0
........ t..s te tss for the interior of roe ... s

.: )0 _s:.. cwve, the safe allw _ale stress snu_c'-

..: ct ...... , SI _r -~ner interioor r ::erior surfraces.

2n- e a n d" LCr
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3. LOREORS Fliaht Imagery from Flight 11

(C) Imagery obtained from the eleventh flight, flown on May 15, 1980

are shown in prints C8 through Cii. These prints are small

sections of the original scans enlarged four times. The scale

in these prints, taken at slant ranges varying from 11 to 30

nautical miles, yields excellent detail enhancing image

interpretation. While there still appears to be a minor

stabilization problem as evidenced by the the slight waver in

scan direction edges, the accurate reproduction of minute detail,

such as the lines in the parking lot, is impressive. Compression

of the contrast range by attenuation of the low frequency - -I

background signal greatly increases the information content in

these prints.

(C Print C8 slant range is 28.7 NM, print C9 slant ranae is

30.5 NM, orint C!0 slant range is 11.4 NM, and Print Cll slant

range is 28.8 NM.
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C2. LCREORS FLIGHT IMAGERY FROM FLIGHT 3

(C) Imagery samples from the third flight flow on April 5, 1980

are included as photos C5 thru C7. C5 imagery was taken

of scenes around Wright Patterson at altitudes of 10,000 and

C6 & C7 were taken around WPAFB at 29,000 feet. The higher

altitude scenes were taken at a mid frame range of 45 nautical

miles. It was estimated that the scene contrast at which these

photos were taken was down around 1.000:1.

(U) The FMC problem has been cleared up and the skewed scan has

been eliminated, but it is apparent from the "Atlantis" effect

(the buildings appear to be sinking) we still had stabilization

problems.

fc) At the lower altitude, at a range of 10 nautical miles, enlarge-

ments of the imagery appear steadier.

II

-14
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APPENDIX C

Cl. FLIGHT TEST IMAGERY

(U) Representative examples of the imagery resulting from the

flight tests are presented in this section. As the hard copy

images are scanned, from the flight test which started in

March 1980 and continued through June, the progressive improvement

in the image display is evident. Seventy-three hours of flight

time was logged during these tests and useable results were returned

almost all missions.

(U) Examples of thie initial flight test imaging are shown in the

prints labeled Cl through C4. The first mission was flown on

March 6, 1980 at an altitude of 10,000 feet with image scanning

ranging from 7.5 to 13 nautical miles. Although the visibility

was not measured there was some cloud cover present. On this

first flight the sensor scanned the scene, however the FMC

malfunctioned and the rear bearing was not operating properly.

These problems are evidenced in the prints as skewed scan.

(U) The photographic quality in these first returns were not up to

par, but these prints did contain an impressive amount of detail.

* Telephone poles and fence stakes could be ascertained. Buildings,

m. ostly single family homes and some barns show up with door and

window details. From these typical details the resolution in these

* hoto were estimated to be in the range of three feet per pe!.

-Photo print C2 is an enlargement of an area of photo print Cl

and photo print C4 is an enlargement of photo print C3. 6

109

UNCLASSIFIED



UNCLASSIFIED

This design approach was implemented as follows:

Strip heaters were oriented in 4 bands around the sensor window frame.

Each band is separately controlled. In addition, provision is made

to mount low thermal inertia heaters in the 1-1/2" gap between

thne windows, should heat in this area prove beneficial. The gap is

vented to the aricraft ambient air through a dessicant canister.

To help raise the temperature of the inside sensor window surface,

the cooling air flow in the scan head is reapportioned to include

a larger flow rate in the window area.

Fittings are also to be installed, together with adjustable

air jets to allow the introduction of compressed air from the air

bearing compressor into the 1-1/2" space between the windows for
the purpose of momentarily mixing the air in the gap to break up
convection air currents immediately prior to scanning. Final

optimization of the heat balance of the sensor window and timing

of air mixing was determined during flight test.

The external window frame was fabricated from reinforced fiberglass

material for thermal insulation purposes. A preliminary design

using glass cloth per MIL-C-9084 class 2, Type VIII and an epoxy

resin per MIL-R-9300, type 1, class 1 was approved. Fiber

glass was an acceptable material for the proposed design.
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pressure between the two windows. This was found to be unacceptable

in the design configuration because a large pressure differential

would exist across the thin window nearest the camera.

The pressure differential problem could be overcome with a design

which placed a one inch window on the outside and a 3 1/2 inch

window facing the camera. A separation of 0.225 inch would be

maintained between the windows and this volume kept in pressure

equilibrium by the pressure outside the aircraft. This configuration

was analyzed with an additional degree of freedom, namely, the

nature of the gas occupying the space between the windows. With

dry air filling this space at a pressure equivalent of 40,000 feet

( 3psi) the thermal conductivity would be only 75% of that for

air at 10,000 feet ( llpsi). The advantages of other gasses are

seen by examining the thermal conductivities tabulated below:

THERMAL CONDUCTIVITY K FOR GASES AT STP

BT U-FT
K 2GAS MOL WT/AT WT FT -HR-OF

AIR 0.015

NITROGEN (N2 ) 28.0 0.015

ARGON (A) 38.9 0.01

FREON - 12 121.0 0.0056

KRYPTON (:r) 83.8 0.005

:"ENON (Xe) 131.0 0.003

Further analysis of the thermal characteristics of the aircraft g

3-sensor window design were made. The model analyzed was as follows:
o 1" thick outside window

S1/1/2" air gap at 40,000 ft. pressure

' 3" thick inside window, and

' heated mountina frame at 550F, 701F and '51F.

This combinaticn produced the best overall temperature

= I-r le for the windows.
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exterior surfaces under all conditions. For the case at hand,

the maximum glass stress developed, after a time, near the middle

of the window. An initial prediction based on the results above

indicated that the safe descent time should be approximately one hour.

These analyses of the thermal gradients across the surface of the

aircraft and sensor windows found the temperature changes to be

within acceptable limits with the use of the environmental control

system initially planned for sensor design. However, the temperature

difference between the inner surface of the aircraft window and

the outer surface of the camera window was large and could approach

a marginal conditions. Additional investigations of the proposed

*design were performed in an effort to reduce the temperature

difference. It was felt that increasing the air flow on the

inner surfaces would alleviate this situation.

". .nalyzina the thermal characteristics of the thick Aircraft and

thin. sensor windows verified the existence of a large temperature

difference between the inner surface of the outer window and the

outer surface of the inner window. This temperature difference

:ounled with the relatively large separation of the surfaces

2 inches) would cause convection currents that could optically

* -=crade sensor performance. These convection currents could be

eliminated by reducing the space between the two windows to less

* t.an 1/4 inch. This required mountina both windows in a single

m in-he aircraft and orovidina a flexible boot to the camera.

'.ermal anal'sis of this configuration revealed acceptable thermal

. cradi-ens across all ctical surfaces. However, the glass surface

: :_osest to the sensor was still too cold, whic. .ouid have caused

* :=n:e_:ticn currents 4n the scan head. This surface temperature

'-e raised b%, reducina the ccnductivit', 7 bet-een it and the

ie air stream. -onductivitv would be reuced cv 1,erinz the
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C4. LOREORS FLIGHT TEST IMAGERY FROM FLIGHTS 20,21,&22

(U) During the last quarter of the flight test program most of the

5stabilization problems had been cured. There was never a

serious problem with the image acquisition system, since the

first flight high resolution imagery was obtainable. The

lack of stabilization during imaging acquisition caused the

ultimate reproduction of the imagery to appear degraded, however,

a close inspection was fairly good.

;Samples of the imagery from the last few flights have been in-

cluded as prints C12 thru C14. Print C12 is an enlargement from

a scan taken at 20000 ft. at an imaging range of 9 miles with a

contrast range of 1.05 to 1. The resolution of this image is

demonstrated by the school in the foreground. (The building

is identified as a school by the swing set between the buildings.)

Details such as the fence posts around the building, stop signs
and parking meters attest to the resolution of imagery. Print

C13 slant range is 11 NM and Print C14 slant range is 36 NM.
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APPENDIX D

GLOSSARY

LOREORS Long Range Electro-Optical Reconnaissance System

E/O Electro-Optical

CCD Charge Coupled Device

TDI Time Delay and Integration

S/N Signal to Noise

FISD Fairchild Imaging Systems Division

TV Television

VTR Video Tape Recorder

GFE Government Furnished Equipment

LBR Laser Beam Recorder

iNS Inertial Navigation System

CDR Critical Desian Review

IR&D Internal Research and Development

PEL Photosensitive Element

PIXEL Pixture Element

DMA Direct Memory Access

R-E Real Time Executive

STP Standard Temperature and Pressure

FIFO First in First Out I
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65 70/A;MRL/HE NAVAIR SYSTEMS CMD
ATTN: MR. BATES NAVAIR 3032E
WPAFB, OH 45433 JOHN F. PLUNKERT

WASHINGTON, D.C. 20360
AFEWC/ESRI (MANDATORY)
SAN ANTONIO, TX 78243 NAV PHOTOGRAPHIC CTR

NAVAL STATION (RD)
AFSC/SDR WASHINGTON, D.C. 20374
ANDREWS AFB, MD 20334

RADC/IRRE
AFWAL/TST-1 (MANDATORY) GRIFFISS AFB, NY 13441
WPAFB, OH, 45433

USAF/AFRDRM
ARMY ELECTRONICS CMD MAJ. JOHN SMITH
AMSEL-CT-1 WASHINGTON, D.C. 20330
FT. MONMOUTH, NJ 07703

AFSC/IN (MANDATORY)
BATTELLE MEMORIAL INSTITUTE ANDREWS AFB, MD 20334
TACTEC
505 KING AVE AFWAL/AARM
COLUMBUS, OH 43201 WPAFB, OH 45433

NAVAIR SYSTEMS CMD ARMY ECOM NIGHT VIS LAB
WASHINGTON, D.C. 20361 (NV-VI)

FT. BELVOIR, VA 22060

NAVAIR SYSTEMS CMD
HQS (AIR-370) AUL/LSE (MANDATORY)
WASHINGTON, D.C. 20360 MAXWELL AFB, AL 36112

NAV SHIP ENGRG CTR DTIC (MANDATORY)
CODE 6178 C02 CAMERON STATION
WASHINGTON, D.C. 20360 ALEXANDRIA, VA 22314

RADC/IRR NAVAIR DEVELCP CTR
GRIFFISS AFB, NY 13441 ADT

WARMINSTER, PA 18974
US ARMY HUMAN ENGRG LAB
DR. DAVID HODGE NAVAIR SYSTEMS CMD
APG, MD 21005 AIR-53322D

Washington, D.C. 20360
AFSC/DLWA
ANDREWS AFB, MD 20334 NAV RESEARCH LAB

DIRECTOR
AFWAL/AAAN WASHINGTON, D.C. 20390
W-PAFB, OH 45433

NAV WEAPONS CENTER
AFWAL/TST-2 (MANDATORY) CODE 143
WPAFB, OH 45433 USAFSC LIAISON OFF

CHIN LAKE, CA 93555
ASD/XR/TRADOC
L/COL NILES (ARMY) SAC/NRX
WPAFB, OH 45433 OFFUTT AFB, NE 68113

rDMAAC/PRRS USAF/SAMID CMANBATC.Y)
2ND & ARSENAL ST. WASHINGTON, D.C. 20330
ST. LOUIS, MO 63118

NAVAIR DEVELOP CENTER
CODE 301
. ECK

jCHNSViLLE
WAP1MINSTER, ?A 13974
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